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AERODYNAMIC CONFIGURATION DEVHLOPMIiNT

OF THE HIGHLY MANEUVERABLE AIRCRAFT TliCHNOLOGY

REMOTELY PILOTED RESFiARCH VEHICLE

By P. B. Gingrich, R. D. Child, and G. N. Panageas
Rockwell International

Los Angeles Aircraft Division
Los Angeles, Calif.

SUMMARY

The development of the highly maneuverabl'e aircraft technology remotely
piloted research vehicle (HiMAT/RPRV) from the conceptual design to the final
configuration is presented to assess the technologies required to achieve a
high degree of transonic maneuverability and to evaluate the state-of-the-art
analytical methods which were utilized. The performance goals proposed by NASA
for the advanced fighter concept were a sustained 8g turn at M = 0.9 and an
altitude of 9144 m, and a mission radius of 3DO n mi. Additionally, supersonic
acceleration capability would not be compromised. Preliminary trade studies
established a 7740 kg fighter baseline along with a 44% scale RPRV that would
allow a low-risk demonstration of the advanced technologies. Tests of the
baseline configuration indicated deficiencies in the technology integration and
in the design techniques. After substantial reconfiguring of the vehicle, and
with improvements in the analytical methods, the subcritical and supersonic
requirements were satisfied. A high level of efficiency for subsonic condi-
tions was realized with the linear theory optimization techniques and the
variable camber system. Drag-due-to-lift levels only 51 higher than 1/irAR were
obtained for the wind tunnel model at a lift coefficient of 1 for Mach numbers
of up to 0.8. The transonic drag rise was progressively lowered with the
application of nonlinear potential flow analyses coupled with experimental data.
Projections for the fighter concept indicated a maneuvering performance of
7.3g at the design point.

INTRODUCTION

The examination of the technologies required for the next generation of
fighter aircraft has been pursued in recent years with the objective of increas-
ing maneuvering performance. Additionally, it was envisioned that an advanced
fighter designed for superior transonic maneuverability would not compromise
mission radius requirements or supersonic acceleration capability. With these



objectives proposed, NASA initiated a comprehensive program to evaluate
high-maneuverability technologies, define advanced concepts, and to ultimately
design and build a demonstration vehicle.

The highly maneuverable aircraft technology (HiMAT) program involved three
phases. The first phase was concerned with the evaluation of various high-
maneuverability technologies and the definition of preliminary designs which
would best integrate the features of these technologies. In this phase, analy-
tical studies and a review of experimental results relative to close-coupled
canards, winglets, the jet flap, and variable camber systems formed a basis
for evaluating various technologies and determining a configuration which would
incorporate the positive interference effects associated with these concepts.
In addition to the aerodynamic technplpgies, the initial HiMAT program phases
considered propulsion, structures, and flight control system technologies that
would, in the conceptual design, best meet the design objectives for enhanced
maneuverability.

The second phase of the HiMAT program involved a more detailed analysis
of the advanced technologies and a definition of a baseline advanced fighter
concept. As part of the overall NJASA program, an RPRV was defined to demon-
strate the technologies embodied in the fighter. The RPRV is a scaled configu-
ration which provides a low-risk, low-cost, test vehicle.

The third phase of the HiMAT development encompassed the detailed refine-
ments to the baseline necessary to meet the transonic maneuver goal as well as
provide acceptable low-speed, transonic cruise, and supersonic acceleration
capabilities. This phase continued with the definition of the detailed RPRV
structure leading to the construction of the test vehicle. The first part of
this phase, the aerodynamic configuration refinement, is the subject of this
report. An objective of the design process was to utilize the available
theoretical design and analysis methods to their fullest extent in order to
provide guidelines for future configuration developments and to minimize the
wind tunnel test period. Throughout the design evaluation presented here, the
successful as well as nonproductive approaches will be examined and an evalua-
tion of the shortcomings of the theoretical methods will be discussed.

The first section presents an overview of the HiMAT/RPRV development. The
specific performance goals to be considered along with the design constraints
are presented. The baseline technology features are discussed to indicate
their particular function and interactive effects. These concepts, close-
coupled canard, jet flap, winglet, blended wing-body, variable camber system,
reduced static stabilityt and design optimization techniques were defined on
a preliminary basis in the early program phases. Modification of these con-
cepts and even the analytical methods were required during the detailed



design/test cycle as knowledge was gained relative to the off-design chnnuiei
istics of the various technologies and the requirements for efficient transonk
operation. This evolution process is summarized in the first section ;md
detailed in the subsequent discussion of the configuration development.

Detailed descriptions of the analytical methods and their function in the
design process follow the IliMAT program summary. Next, the detailed design
process is discussed. This consists of the linear theory initialization, the
modifications for transonic flow through analytical and empirical means, and
the effects of aeroclastic tailoring on the aerodynamic design. Characteris-
tics of the evolved configuration arc then presented to evaluate the overall
success in meeting the design objectives.

NOMLiNCMTURn

a Speed of sound

AR Aspect ratio

ARC Ames Research Center

B Body

b ' Span

C Canard or Chord

CG Center of gravity

c Nfean aerodynamic chord

C Drag coefficient

C_ Drag due to lift coefficient
LI

C, Section drag coefficient

CT Lift coefficient
LJ

C Rolling moment coefficient



Cf Section lift coefficient

CM Moment coefficient

C Section moment coefficient
m

C Yawing moment coefficient

C Pressure coefficient
P
Cp* Critical pressure coefficient

CY Side force coefficient

D Drag

c Span load efficiency factor

II Singularity strength

h Altitude

TNBD Inboard

L Lift or Body length

LRC Langley Research Center

M Mach number

NAAL Rockwell low-speed wind tunnel

N7 Normal load factor
L

OUTBD Outboard

PDR Preliminary design review

POI Preliminary operating instructions

P Specific excess power
O «•

R Chord Reynolds number
e,



S, $mp Wing area

SEP Separation

T Thrust

TOGW Takeoff gross weight

TWT Rockwell transonic wind tunnel

t Thickness

U, V, W Velocity components

UDP Unified distributed panel theory

V Vertical stabilizer

W Weight or Wing

X, Y, Z Cartesian coordinates

a Angle of attack

ft Angle of sideslip

y Ratio of specific heats

A Increment

g Deflection or Thickness to chord ratio

8 Displacement thickness

€ Twist

« Wing semispan fraction

77 Canard semispan fraction

0 Polar angle

A Sweep



* Velocity potential

V Perturbation velocity potential

Subscripts

AVG Average

c Camber
\

cp Center of pressure

DKS Design

1 Lower

max Maximum

u Upper

w Wave

x, y, z Partial differentiation with respect to X, Y,Z

«» /J Differentiation with respect to a or ft

-L Perpendicular

oc Free-stream conditions

HiMAT CONFIGURATION DEVELOPMENT

The objectives of the HiMAT program are outlined in order to indicate the
advanced configuration concepts required to meet the aerodynamic performance
goals. The baseline technologies that were selected as a result of analytical
and experimental studies are presented along with a summary of the configura-
tion development that refined the baseline concept.

Primary Design Objective

The primary design objective is to enhance the maneuverability of the
advanced fighter concept to the point where a sustained 8g turn at I^= .9,
h = 9144m may be achieved while maintaining a 3bO n mi mission radius
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capability. The relation of this steady-state'maneuver goal to state-of-the-art
fighter performance is illustrated in figure 1. To realistically achieve
this goal requires high efficiency at high lift, coefficients in order to
decrease the slope of the Ps versus load factor relationship. The alternative
brute force approach of increasing thrust-to-weight ratio or decreasing wing
loading becomes untenable for this performance goal and is incompatible with
the other design objectives including, in particular, the range requirement.
Thus, the solution will require the examination, refinement, and proper inte-
gration of advanced technologies.

Design Requirements and Constraints

To achieve a practical design, all requirements must be properly balanced
so that off-design performance is not severely degraded. In addition to the
need for efficient subsonic cruise there is also a supersonic dash requirement.
The critical design considerations are:

(1) Maneuver goal, 8g, Ps = 0 at M^ = .9, h = 9144m

(2) Efficient subsonic cruise, 300 n mi range

(3) Efficient supersonic cruise, wave drag C = 0.02 to 0.02S
w

(4) Low-speed CL ' = 1.6 to 2.0
max

(5) Stability and control with reduced static stability (adequate control
must be provided, particularly near the flight envelope boundaries)

(6) Maximum Mach number M00= 1.6

(7) Maximum load factor N? = 12
Lt

(8) 1974 propulsion technology level

The balancing of the first three considerations involved a compromise in
wing loading between the maneuver requirement, low wing loading, and supersonic
cruise requirement, high wing loading. The configuration sizing studies of 7

phases I and II prescribed a wing loading of the order W/S = 2400 to 2650 N/nf.
For the maneuver condition, the requirement for high efficiency, increased I./H,
at high lift coefficients, C^ ~ 1.1, provides a selection criteria for assess-
ing the various high-maneuverability technologies.



Reference TechnoLogy Level

The high-maneuverability concepts associated with the configuration
arrangement and the theoretical design and analysis methods are the technolo-
gies which are integrated into the overall design process to satisfy the
mission objectives. A description of the baseline high-maneuverability tech-
nologies and the aerodynamic design methodology is presented in the following.

Configuration arrangement concepts. - All major high-maneuverability
technologies were evaluated in phases I and IJ. The screening process identi-
fied those concepts which enhanced maneuvering performance and range while
providing positive interaction effects when integrated into the configuration.
These technologies are presented in table f along with the features that affect
their utilization.

Close-coupled canard: The close-coupling effects of the canard have
several benefits for achieving high lift efficiency as detailed in references 1
and 2. The canard-induced downwash on the wing, figure 2, results in a
redistribution of the loading. The reduction of the inboard wing loading more
than compensates for the upwash on the outer wing i f the design is properly
integrated. As a result of the load redistribution, for a given twist and
camber, separation can be delayed for the highly loaded outer wing. For
moderate lift coefficients, a corresponding wing without canard configuration
could be designed for equal performance but at the expense of greater struc-
tural deformation. At lift coefficients where separation is present, the
vortex lift of close-coupled canard systems can result in favorable induction
effects which increase the lift above that of a weakly coupled system. Several
investigations, utilizing a unique two-balance system, have shown the results
of favorable wing-canard interference varying several configuration variables.
The trend of these results (refs. 3, 4, 5, and 6) formed a solid foundation for
the HiMAT development.

For the HiMAT application, some typical results for the effect of the
canard on lift and drag are shown in figure 3. At lift coefficients where
separation occurs on the wing, the flow for the wing-canard system is still
attached. This must be qualified as noted previously, since a wing alone
design could achieve similar performance but with increased structural deflec-
tion (twist) requirements. The same consideration holds for the drag, fig-
ure 3. This was a wing-canard design, the design 1ift being effectively
higher than the wing alone configuration, so the results must be viewed in
this context.

Some of the interactive aspects of the close-coupled canard relate to its
function as a trimming surface. With a jet flap, the full potential of the
super circulation effects can be realized without adverse trim requirements.



TABLE I. - BASELINE TECHNOLOGY

High-maneuverability
design concepts

Vortex lift

Reduced trim

Propulsive lift

Optimized section contours

Optimized twist

Reduced wetted area

Techno! ogy
features

Blended wing-body/strakes
Close-coupled canard

Reduced static stability
Self -trimming configuration
Canard

Jet flap
Flight propulsion control coupling

Supercritical airfoiJ
Variable camber

Composite materials

Reduced static stability
Winglet directional stability input

10
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In conjunction with the wing or jet flap, the capability of direct 1 i ft exists.
With canard dihedral, direct side force may be obtained with simultaneous rudder
and canard elevon deflections. Interest in these aspects arose from the
improved weapons aiming capability with direct lift and side force.

Winglets: The winglet simultaneously reduces the vortex drag while allow-
ing reductions in vertical tail size and thus skin friction drag. The direc-
tional stability input is the foremost consideration sinee, Tor induced drag
reasons alone, adding the additional area as wing tip extensions is more effec-
tive. The additional loading at the wing tip (figure 4) and on the winglet may
be utilized to increase aeroelastic deformation to achieve the required twist.
The benefit for reduced drag exists at lift coefficients where the reduced
vortex drag compensates for the increased skin friction drag as shown in fig-
ure 4. The attractiveness of this concept at the transonic maneuver point is
reduced unless the production of shock waves due to the wing-winglet interfer-
ence can be minimized. However, throughput the flight regime, the directional
stability input of the winglet will be effective. This input, illustrated in
figure 4, allows reduction in the vertical tail size and consequently reduced
skin friction drag.

Blended wing - body/strakes: The blended wing body is used in this context
to provide a capability for incorporating vortex strakes between the body and
wing proper. The strakes increase the vortex lift at high angles of attack,
ultimately increasing the maximum lift. The nonlinear moment characteristics
are adaptable to the jet-flap concept with regard to the associated control
capabilities but otherwise these characteristics must be carefully integrated
if reduced static stability is utilized.

Jet flap: The jet flap or two-dimensional nozzle can increase the high
lift efficiency through localized supercirculation effects. l;or a partial span
jet flap the increased inboard wing loading will delay the impact of separation
associated with the outboard wing. The removal of the Kutta condition moder-
ates the trailing edge recompression. Thus, the occurrence of strong shocks
and separation can be reduced through proper integration of the jet flap into
the design.

Reduced static stability: At a particular design point, the transonit-
maneuver condition for example, favorable trim requirements may be prescribed
by designing the configuration to have negative static stability at subsonic
conditions. Small trim drag may be maintained over the Mach number range ;uid
the skin friction drag is reduced through reductions in trim surface size.
Adequate control must be provided at the boundaries of the flight envelope,
in particular, at low speeds and high angles of attack where the manifestation
of vortex lift nonlinearities Is greatest.

12
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Variable camber system: Minimum drag due to Lift may bo obtained over a
wide range of lift coefficients by a camber system which varies the design
lift. This concept includes mechanical leading edge variable cumber and aero-
elastically tailored lifting surfaces as illustrated in figure 5. The aero-
elastic effects are confined to prescribed deflections due to bending which,
for a swept wing, produces a twist increment. The variable camber system
attempts to reduce, at high loadings, the leading edge pressure peaks which
result in separation, while maintaining a low cambered, thin section for opti-
mum transonic and supersonic cruise.

Analytical design. - The analytical methods and optimization procedures
are the technologies which transform the concept into the final configuration
definition. The major aerodynamic analysis methods arc summarized in table II
with their principal capabilities and limitations and function in the design
process. A more detailed description of these methods is presented in subse-
quent sections. The utilization of these analytical tools is the design tech-
nology which ultimately satisfies the mission requirements. A brief description
of the design technology is presented for subsonic, transonic, and supersonic
operation.

Subsonic design: Within the framework of linear theory, high efficiency
is sought by minimizing:

(1) Vortex drag (optimum loading for a set of constraints)

(2) Separation (zero leading edge singularity at an appropriate lift)

(3) Trim drag (moment1 constraint/self-trimming configuration)

(4) Viscous form drag and drag divergence (controlled subcritical flow
by prescribing an upper surface pressure distribution)

Transonic design: Controlled supercritical flow encompasses those tech-
niques which minimize shock strengths and prevent shock-induced separation.
Considerable progress has been made recently in the implementation of two-
dimensional shockless or weak-shock flows. For general three-dimensional flows,
the design philosophy is still in the developmental stages.

Supersonic design: The reduction of supersonic pressure drag is obtained
with the following linearized theory optimization techniques:

(1) Inverse supersonic area rule (minimized wave drag through redistribu-
tion of volume)

(2) Drag-due-to-lift optimization (lifting surface inverse solution
minimizing 0% suction drag with moment constraint)

14
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Configuration Evolution

The advanced fighter concept that evolved from the sizing and technology
assessment studies is shown in figure 6. Constraints on the level of propul-
sion technology required that the demonstration vehicle (RPRV) be reconfigured
with a standard axisymmetric nozzle. The baseline RPRV, a 0.44 scaling of the
fighter concept, is shown in figure 6. The relationship between the fighter
and RPRV performance is shown for the proposed configuration with and without
the two-dimensional nozzle. The differences result from variances in thrust-
to-weight ratio, wing loading, and Reynolds number. .Thus, for example, the
RPRV proposal with the axisymmetric nozzle had a maneuvering objective of
NZ = 7.6g, ps = 0 at Ha = 0.9, h = 9144m. A refined analysis at the start of
phase III set the performance goals contained within the preliminary operating
instructions (POI) review. The increased configuration weight reduced the RPRV
performance objective to N^ = 7.3.

The important aspect to note is that the efficiency (drag due to lift) as
a function of lift coefficient will be the same for the fighter concept and the
RPRV. It is this technology that the program will demonstrate. The trimmed
drag-due-to-lift goal is presented in figure 7. For the fighter, the 8g
maneuver point corresponds to a lift coefficient of 1.1 including propulsive
lift. The drag-due-to-lift goal at high lift coefficients is derived from the
proposed fighter characteristics and flight condition. The goal requires the
elimination of virtually all the drag rise normally associated with transonic,
high-lift operation. Through a variable camber system, the high level of
efficiency additionally was proposed to encompass the cruise point.

The major configuration modifications and associated design philosophy and
test results are presented in figure 8. Notation for the wind tunnel models is
presented in the appendix. The program and test schedule is shown in
figure 9 as a frame of reference for the later discussion. The evolution
from the phase II baseline (-17A) to the final preliminary design review
'configuration (-19) involved more than simply refining the design. Several
planform modifications were required after analysis of the baseline (-17A) test
results. Without the jet flap for control, the strakes were removed to reduce
the nonlinear longitudinal characteristics. The refined linearized theory
design process also indicated that the planform should be modified to produce
a design which would meet the spanload constraints with a realistic structural
arrangement. The resulting -18 design was vastly superior to the -17A baseline
with regard to subcritical high-lift efficiency. The vortex lift characteris-
tics were still not fully appreciated and the configuration required another
major modification resulting in the -18A. The canard sweep was decreased and
the wing planform modified.
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RPRV (proposal)
2-D nozzle

RPRV (proposal)
s tandard
afterbody

RPRV (POI)
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a f Lor body

TOGW (kg)

W
FUEL (kg)

For M = 0.9, h = 9144
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Figure 6. - Fighter/RPRV performance relationships.
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Figure 7. - Trimmed drag due to lift goal.
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As indicated in figure 8, there then followed several design/test
cycles to improve the transonic maneuver efficiency through refinements to the
wing and canard sections.

As a result of the modifications which produced the -J8A baseline, the
lateral-directional stability characteristics were degraded. After correction
of this situation by the addition of lower surface winglets and increased
vertical tail volume, the -19 configuration was defined.

AERODYNAMIC DESIGN APPROACH

The optimization of the external contours is accomplished by a sequence
of analytical design, test, and redesign phases. The basic aerodynamic method
is linear theory because of the extensive development which has occurred over
the past few years. Linearized theory methods are capable of analyzing or
designing completely arbitrary nonplanar multiple surface configurations. The
use of present day computers with their interactive and graphics capability
allows numerous configuration modifications and optimizations to be evaluated
in a short timespan at minimal cost. However, these methods have their limi-
tations , as discussed in the following paragraphs, and must be supplemented
with nonlinear theory and experimental data.

The HiMAT mission, which is a combination of subsonic cruise, a high
degree of transonic maneuverability, and supersonic acceleration, requires the
utilization of all these tools. The steps in the design process are:

(1) Design efficient subcritical and supersonic configuration with linear
theory

(2) Test to determine the limitations and possible modifications of the
theory to more closely achieve the goals

(3) Modify the contours with the nonlinear analyses to meet the transonic
requirements

(4) Investigate the subsonic/supersonic consequences of the modifications

(5) Test the .compromise configuration

The implementation of this procedure will be briefly described in the
following sections, along;with tfye features of the analytical methods and their
limitations.



Analytical Methods .

'["he principal analytical tools used in the HiMAT development were
summarized in table II. In the following, a description of the theory, capa-
bilities, and limitations of each method will be presented.

Linear theory.

Lifting surface theory: The primary linear theory design and analysis
tool utilized is the unified distributed panel method (reference 7). This
method solves the linearized small disturbance equation,

(1 - M«) <(> + <f> +6 =0^ •* *xx yy ẑz

for arbitrary wing-body configurations by a superposition of chordplane singu-
larities. Lifting effects are represented by constant vorticity panels. With
linearized boundary conditions, a set of linear equations results which is
solved for the singularity strengths. Thickness effects are represented by
chordwise linearly varying source panels. The analysis is applicable to
multiple-surface nonplanar configurations for subsonic or supersonic flow.

Wing-body solutions are obtained by superposition of an isolated slender
body solution with a lifting surface/vortex shell representation. 'Hie isolated
body perturbation velocities are included in the wing boundary conditions. A
noncircular cylindrical vortex shell near the surface of the body is utilized
to determine the wing carryover loading. The boundary condition on the inter-
ference shell, no normal velocity'Component, cancels lift and thickness induc-
tions from the lifting surfaces. -

The inverse lifting solution is obtained by specifying the net loads at
the panel centroids and determining the boundary conditions by matrix multipli-
cation. Problems where boundary conditions are given in one region and net
loads are prescribed in the remainder can also be treated. Wing-body inverse
solutions are obtained in this manner, where pressures are prescribed on the
lifting surfaces with no normal flow on the interference shel].

Slender-body theory: A general slender-body analysis is used to predict
surface and near-field flow properties for slender configurations of noncircu-
lar cross section in subsonic or supersonic flow. The solution is based on
limiting solutions to the three-dimensional linearized small-perturbation
equation. The total solution is composed of an axisymmctric result for a body
of revolution of the same cross-sectional area and a cross ("low solution.^,
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satisfying three-dimensional boundary conditions in the YZ plane. The cross -
flow result is a solution of Laplace's equation:

0zz = 0

Conformal mapping theory is used to obtain the solution for noncirculur
sections.

The analysis is used to define flow characteristics for isolated bodies
and fuselage induction effects on adjacent surfaces. As a design tool for
isolated applications, body shaping, axially and circumferentially, is accom-
plished through an interactive mode to obtain satisfactory pressure gradients.

Supersonic pressure drag analysis: The techniques used to evaluate total
pressure drag are the supersonic area rule and an extension which includes
volume, lift, and interference drag (reference 8). The spatial singularities
which are a solution to the linearized equation of motion are reduced to a
series of equivalent lineal distributions by application of the cutting plane
concept. The three-dimensional distribution is surveyed longitudinally at
fixed roll angles by the oblique plane. The drag is then evaluated with slen-
der body theory,

C = -j- / / / H'(X ,0) H'(X2,0) Jn|x - X [dXjdX d*
w 47r S 0 00

where H is related to the equivalent lineal singularity strength and is the
sum of the volume (source) and lift singularities.

Arbitrary configurations are composed of volume elements and lifting
surface elements. The latter solution is obtained with the distributed panel
theory. The total solution thus includes the drag due to lift, volume, and
interference. For conditions of light loading, the interference is often neg-
lected and thus the analysis may be reduced to the supersonic area rule. Pre-
liminary wave drag estimates are generally made with this approximation.

In the design mode, the supersonic area rule theory is used to minimize
wave drag for given volume, area, and wing thickness constraints. The geome-
try is perturbed by a set of harmonic functions. Lagrange's method for
extremal problems with constraints is applied to the resulting expression for
wave drag. The set of linear equations is then solved for the perturbation
coefficients that minimize the drag.



Inverse thickness design: A two-dimensional inverse thickness solution
based on chordline source singularities is used to derive airfoil thickness
distributions for prescribed pressure distributions. Three-dimensional thick-
ness solutions, based on the distributed panel theory with chordwi.se linearly
varying sources are possible, but the procedure has not been automated.

Nonlinear theory.

Transonic wing analysis: The method used to analyze transonic character-
istics is the classical small disturbance relaxation solution developed by
Ballhaus and Bailey (reference 9). The small disturbance potential equation

is solved by a mixed elliptic-hyperbolic, fully conservative relaxation algor-
ithm applied to a finite difference approximation. The boundary conditions
are linearized and applied on the wing chord plane. These linearizations
restrict the solutions to those conditions (angle of attack) and regions of the
wing (away from stagnation points) where the small disturbance formulation is
applicable.

The solution is obtained in a rectangular XYZ .space grid. For swept,
tapered planforms a shearing and stretching transformation is available to
assure adequate grid density for the entire configuration. The original form-
ulation is applicable to planar, single surface simulations. According .to
reference 10, the small disturbance formulation is not capable of capturing
highly swept shocks, and additional terms are required in the governing
equation.

Transonic aitfoil analysis: The inviscid transonic airfoil analysis
developed by Garabedian and Korn (reference 11) solves the exact potential
equation of motion for steady,, irrotational flow

(a2 - *2 ) $ - 2* * & + { a2 - $ )<£ =0
V x/ xx y x x y \ y J yy

by an iterative nondonservative finite difference numerical solution. The com-
putational plane is derived from the physical plane by mapping the region
external to the airfoil to the interior of a unit circle.

Transonic similarity scaling: The von Karman-Spreiter (reference 12)
transonic similarity rule is useful as a design tool in obtaining airfoils for

24



a given transonic application from known airfoil data. 'iTic similarity rule,
in a form proposed by Krupp (reference 13) is

K, - l-
1
 M£

2/3 2 82/3

In a design where two-dimensional data can be appropriately used, for example,
a swept, moderately tapered wing, the available airfoil sections may not meet
the design requirements. However, known airfoils may be scaled to obtain sec-
tions more closely matching the design condition. The scaled airfoil tran-
sonic characteristics are analyzed with the method of reference 11 and further
modifications can be made (reference 14 for example) to achieve the desired
design pressure distribution.

Viscous analysis. - No fully three-dimensional inviscid/viscous interactive
solutions are presently available. Thus, for three-dimensional pressure dis-
tributions, a viscous calculation provides only qualitative results. The
analysis is confined to estimating potential separation problems due to adverse
pressure gradients and shock-boundary layer interactions for transonic flows.
For the design case however, the inviscid/viscous interaction may be accounted
for if the displacement thickness is removed from the wing sections. The
design pressure distribution must produce attached flow.

A quasi-three-dimensional turbulent boundary layer analysis developed by
Bradshaw (reference 15) is applicable to swept, tapered wings where the isobars
coincide roughly with the wing generators. The method solves the momentum and
turbulent shear stress equations in two coordinate planes with a finite differ-
ence scheme.

Viscous 'transonic airfoil interaction calculations are obtained with the
method developed by reference 16. This analysis combines the previously
described transonic inviscid solution with a two-dimensional Nash-MacDonaId
integral boundary layer analysis. The off-design characteristics of airfoil
sections that are candidates for application to swept wings are analyzed with
this method using simple sweep theory in conjunction with viscous independence.
The analysis is not strictly applicable to the swept case so results are uti-
lized in a qualitative manner.

A viscous yawed wing analysis is utilized to analyze inviscid/viscous
interactions for swept wings in subcritical flow. The analysis combines inte-
gral laminar and turbulent boundary layer solutions with a conformal mapping
solution which defines the inviscid flow. The analysis is also used to define
initial conditions at transition for the Bradshaw turbulent boundary layer
analysis.
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Aerodynamic Design Process

The configuration design is initiated with a linearized theory inverse
solution using guidelines relative to drag-due-to-lift optimization and upper
surface pressure distributions. The design is then analyzed oft" design to
assess the viscous characteristics and the maintenance of isobar sweep.
Refinements are made based on this analysis. The transonic characteristics arc
then examined to establish the strength, location, and sweep of shocks and
their impact on boundary layer separation. Modifications arc then initiated
through a trial and error process to reduce the shock strengths.

A flow diagram of the design process that evolved for the HiMAT configu-
ration is shown in figure 10. Test cycles are shown where verification is
required due to a lack of adequate theoretical capability or where the method-
ology is not sufficiently general and must be used interactively with experi-
mental results.

Linearized design. - The goal of the subcritical design is to minimize
drag due to lift at a given CL, subject to constraints on the pitching moment
(minimization of trim drag) and section lift (minimization of viscous form
drag, separation).

The drag due to lift optimization proceeds by determining an optimum load-
ing (constant downwash in the Trefftz plane) and then distributing the chord
load such that there is no leading edge singularity, and the configuration is
trimmed. There are any number of chordwise loadings that satisfy these
conditions, which in general may be expressed by

-1 Xsin N6, 6 = cos (1-2—).

This form produces no leading edge singularity and guarantees that the
0 and 1001 suction drag polars are tangent at the design lift. Usually only
two or three terms in the series are used; the first and second coefficients
determined by the section lift and moment, respectively. The third independent
of Cj and C^ provides an additional degree of freedom to alter the pressure
distribution. !

An additional variable relates to the spanwise variation of the chord-
wise center of pressure. The centers of pressure must be such as to satisfy
the total moment constraint for the given loading, but are otherwise arbitrary.
To obtain a smooth spanwise camber and twist variation the center of pressure
variation is initialized by that obtained from the additional load distribu-
tion and then adjusted by a constant to satisfy the trim requirements. For a
given set of loadings, the boundary conditions are obtained from the inverse
solution, then integrated to produce the twist and camber.

26



( Mission \
requirements )

( C r u i s e , ^N
Off design }

Maneuver camber Cru 'se

( camber

Slender
body
des 1 gn ••

Wing- body

anal ys i s

\
Viscous
Analysis

1

Inverse

th ickness
sot ut ion

Wave
drag
analysis

Transonic
analysis
design

\

Viscous
analysis

1 '

1

Superson ic
wave-drag
ana lysis

1(Maneuver point.,A
Off design J

Figure 10. - Aerodynamic design process.

27



For efficient operation at high-lift coefficients, the design l i f t is
usually selected at some intermediate value. The philosophy is that, through
proper design, leading edge suction can be maintained well ahove I-L
Further, the resulting camber is structurally practical and results Ln
efficient operation above and below the nominal design point. The span load
may require constraints in order to limit the section lift at oiT-design
conditions. In .this case, the span load is prescribed and the drag penalty
monitored as the design cycle proceeds. The optimum and 100% suction drug
is not coincident at the design point but the 0 and 100% suction drag
polars will be tangent at the design lift.

For a wing-body configuration, the optimum cannot be implemented because
the interference shell loading cannot be prescribed independently of the load-
ing on the wing. This restriction is usually of minor consequence for the
body-width-to-span ratio under consideration. The approach, then, is to pre-
scribe a loading on the lifting surfaces which is similar to the solution
obtained without the slender body. Once the loading is given, the inverse
solution is obtained. After removing the isolated body perturbations from the
total boundary conditions, the wing camber is derived.

For a given twist and camber, a thickness distribution may be derived for
a prescribed upper surface pressure distribution. The pressure distribution
criteria is the primary consideration for subcritical/transonic operation,
although for a configuration with a supersonic cruise point, consideration is
given to minimize wave drag due to volume. For subsonic cruise with swept,
moderately tapered wings the thickness is typically derived to produce a flat-
top upper surface pressure distribution which maintains subcritical flow
normal to the isobars at the design condition. This type of distribution
delays drag rise in comparison to peaky type distributions.

The thickness is derived by selecting a design point for which an upper
surface pressure distribution is prescribed and calculating the contribution
to the velocity due to lift (twist and camber) and, in some instances, wing-
body interference. With an inverse solution, the thickness is obtained for
the specified net velocity increment.

The thickness is typically derived for the cruise condition. For n vari-
able camber system with transonic cruise and maneuver design points, the
thickness could be derived for some intermediate condition. However, as an
initialization, the cruise point is appropriate since experience has shown that
linear theory methods are satisfactory for a lightly loaded condition where
wing thickness is necessarily small based on wave drag considerations. The
upper surface pressure distribution for some maneuver condition could be
specified if it was known, a priori, that this produced a satisfactory tran-
sonic flow.
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For configurations with a supersonic requirement, the supersonic far field
drag analysis (reference 8) is used to optimize the volume distribution rot-
minimum wave drag. This design process establishes the body area distribution
and the initial lifting surface thicknesses prior to the detailed subcritical
design phase. This phase involves trade studies between structural constrainrs,
fuel volume, and wave drag.

For supersonic operation, a minimization of drug due to lift may be
accomplished with the linear lifting surface analysis (reference 7") to define
twist and camber. This could be used in conjunction with the transonic maneu-
ver design to establish the variable camber requirements. For the HiMAT con-
figuration this was not done, the transonic cruise point being used instead.
For the supersonic design point, the camber and twist arc obtained from an
optimization which minimizes the 0% suction drag subject to total moment
or spanwise distribution of chordwisc center of pressure constraints, or both.

Linearized analysis. - A linearized theory analysis phase is conducted to
establish the off-design characteristics. This analysis provides information
for trade studies so that all the subcritical and supersonic design goals may
be achieved.

The pressure distribution is calculated for subcritical, high-lift condi-
tions for the maneuver configuration. The addition of lift and thickness
should produce swept isobars and chordwise pressure variations without exces-
sive leading edge peaks or aft adverse gradients. Some leading edge peak is
expected since the design lift was selected at an intermediate value. Tf the
viscous analysis indicates leading edge separation, the design lift can be
increased. If the thickness and lift solutions indicate unsatisfactory perform-
ance (for example, steep gradients near the trailing edge), the design process
is reinitiated. There arc several paths that may be followed. The chord load
shape for the high-lift condition (maneuver configuration) could be modified,
keeping the thickness fixed. Second, the cruise chord load shape could be
modified, thus varying the required thickness for a given upper surface pres-
sure distribution. Finally, a combination of these options may provide the
best compromise.

*

For a subsonic design, the supersonic performance is monitored during the
subcritical design phase to verify that the wave drag due to lift and volume
are within acceptable limits. Otherwise, these analyses provide results for
further compromises between the subsonic and supersonic operation. The drag
due to lift is analyzed with the distributed panel theory (reference 7) and
wave drag due to volume with the supersonic area rule. The supersonic far
field analysis of reference 8 is utilized to evaluate the total pressure drag
including interference between volume and lift. The lift contribution is



obtained from the analysis of reference 7. The compromises between subsonic
and supersonic operation are typically confined to wing thickness modifications
in the detailed subsonic and transonic design phases.

The linearized design initiation is shown in the first stage of the design
process of figure 10. The linearized maneuver condition design established a
practical starting point for later modifications. That is, many design possi-
bilities can be rapidly investigated to assure a reasonable structural arrange-
ment which satisfies at least the subcritical design conditions. The test cycle
at this stage need only consider the cruise design to evaluate the configuration
stability and control characteristics and transonic and supersonic cruise per-
formance. If deficiencies are present, the configuration is modified before
substantial transonic design and analysis efforts are expended.

Transonic characteristics. - The next step in the design process is to
analyze the transonic characteristics of the configuration to determine the
position and strengths of shock waves, and the probability of boundary layer-
separation. Ideally, a complete analysis would consider either a small -
disturbance or full potential inviscid solution for a nonplanar, multisurface
configuration, coupled with a viscous interaction. At present, the calculation
efficiency of a small disturbance formulation, relative to the full potential
equation, usually dictates its use for analysis and particularly design appli-
cations. In either case, a viscous/inviscid interaction model does not exist
so that viscous calculations are utilized principally in a qualitative manner.
For the HiMAT configuration, a further complication arises because the nonlin-
ear code does not have a multiple surface capability. Thus, the analysis is
limited to wing-alone solutions.

Transonic design. - Based on the initial analysis at transonic conditions,
the configuration planform and sections are modified to meet the design goals
of weak, swept shocks. This is an iterative process where modifications arc
made and the design reanalyzed. With the present small disturbance formulation,
an accurate assessment of the magnitude of wave drag cannot be made. The design
proceeds qualitatively. That is, shock strengths are minimized to avoid bound-
ary layer separation. If the planform does not facilitate the elimination of
unswept shocks, they are admitted, but restricted to the trailing edge region
where their effect on the boundary layer will be minimal.

Ideally when a satisfactory inviscid solution is attained at the design
point the displacement thickness would be calculated for the design pressure
distribution and removed from the inviscid contour. For the configuration under
examination here, the final design pressure distribution cannot be determined
because the canard is omitted. Thus, with the available methods, an analytical/
test iteration is required to assess the impact of the canard on the transonic
design.
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The design criteria for the upper surface pressure distribution are
summarized as follows:

(1) For highly tapered regions, a triangular pressure distribution with
peak near the leading edge and a gradual rccompression to the trailing edge is
selected. The intent is to maintain a constant supercritical Mach number
normal to the isobars. One or more shocks may exist at or near the design
point but they will be weak if the basic shape of the design pressure distri-
bution is retained and the isobars are swept roughly along the generators.

(2) Approaching the centerline or wing-body intersection where the c r i t i -
cal condition is nearly constant along the chord (isobar sweep of 0 degrees') .1
return to a flat-top distribution will be more desirable. This would prevent
strong shocks and adverse boundary layer interactions near the forward part of
the wing. This may require the acceptance of a moderate strength shock near
the trailing edge.

(3) For swept, moderately tapered regions, a two-dimensional supercriti-
cal airfoil design philosophy is appropriate if the wing is designed for
roughly infinite yawed wing conditions in the region of interest. Current
highly loaded supercritical sections are characterized by a flat or small
adverse pressure gradient in the forward part and followed by either (a) a
shockless recompression such that there is no separation or (b) a weak shock,
subcritical flat-top region, and steep adverse gradient. The latter may have
a small region of trailing edge separation. The former philosophy is the opti-
mum at a specific design point, while the latter approach is less sensitive
to off-design conditions. Section data, sweep theory, the transonic similarity
rule, and the Bauer code are used to initialize the transonic design modifi-
cations for regions where the aforementioned criteria can be met.

The limitations inherent in the transonic analysis method forced the
adoption of several alternate and supplementary paths as indicated in fig-
ure 10. Sweep theory and the available supercritical airfoil data and
analysis methods were used, with a linear theory implementation, to bypass the
restrictions of the three-dimensional transonic wing analysis. The analysis/
test iteration was required to account for viscous effects and the inability to
simulate the entire configuration.

Modifications to Analytical Methods

In the course of applying the design procedure, certain deficiencies were
noted. Some applied to the overall efficiency of the design process while
others resulted from the particular requirements of the HiMAT configuration.



A description of the deficiencies encountered and the corrections m;idc is given
below. Areas where further development of the analytical capability is
requi red are examined in the later sections.

Linear theory. - The time involved in obtaining a subsonic optimization
limited the number of design conditions and variables that could be surveyed.
To increase the efficiency of the design process, existing separate programs
and concepts were integrated into the distributed panel lifting surface theory.
The additions and extensions arc summarized as follows:

(1) An optimum loading solution with constraints by the method of I ,a grange
multipliers was incorporated. Provision was made for specifying an arbitrary
loading in an interactive manner.

(2) The capability to constrain the moment for multisurfacc configurations
was added. Previously this step was done manually.

(3) The chord load calculation was incorporated with an interactive capa-
bility to modify the shape for a given section lift and moment.

These modifications allow the twist and camber to be derived in one step.
Thus, the solution can be examined and parameters varied in an efficient manner.

Nonlinear theory. - The Bailey-Ballhaus code was originally applicable to
a single surface. , For the HiMAT configuration, the presence of the wingtip fin
and the canard presented complications. A wingtip fin was incorporated as a
first step. The simulation was limited to the X-Z plane, lifforts to simulate
a wing-canard configuration were continued. Recent progress in this respect
has been reported in reference 17.

The planform geometry of the HiMAT wing required the capability for anal-
ysis of a leading or trailing edge that was curved or segmented, or both. As
a result, a spline fit was incorporated into the calculation of the transforma-
tion metric.

Flexible Wing Design

The last phase in the design establishes the incremental deformation nec-
essary to meet two or more design conditions. The maneuver design, being the
primary design condition, is held fixed. It is then necessary to determine the
best cruise definition within the variable camber concept. After the modifica-
tions are made to the maneuver design for satisfactory transonic flow, the
cruise design must be determined by iteration since there is no direct approach
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for the constraints associated with the maneuver shape. When a suitable cruise
definition is obtained, the aeroelastic goals may be set. The iterative process
requires a linear or nonlinear potential flow analysis, or both, to examine the
possible cruise designs which will produce a near optimum span load distribu-
tion and a satisfactory upper surface pressure distribution.

SUBCRTTfCAL DESIGN

Wing Alone Design

This section describes efforts directed toward the IliMAT design which were
initiated prior to phase II[. A wind tunnel model with a variable camber sys-
tem and close-coupled canard was designed in order to acquire basic data and
gain experience relative to the design process for highly loaded configurations.
The modifications and extensions to the linear theory design method, described
under "Linear Theory," were made as a result of the findings of this effort.
The design philosophy was essentially unchanged, but the implementation required
several separate steps to arrive at a twist and camber definition.

Initial attempts at designing a wing-canard configuration were not success-
ful. To arrive at a structurally feasible twist and camber usually requires
several iterations. The time involved in selecting a Load distribution, solv-
ing for the triced condition, and deriving the camber prevented a thorough
examination of 'all variables. An alternate approach was to design for a weak
wing-canard interaction. That is, the canard is treated solely as a trimming
surface. The wing is constrained to carry all the load at the design point by
being self-trimming.

An optimum loading may be implemented by assuming the wing and canard are
coplanar. Then, the loading may be distributed in any manner between the sur-
faces. With all the loading on the wing and the moment constrained, CMQ; = 0,
the twist and camber may be derived such that all the design criteria are
satisfied.

The extent to which the design remains optimum depends upon the selection
of the canard. With an arbitrary geometry (camber), the canard may be deflected
for minimum additional lift and moment. Optimum canard camber may be deter-
mined from a mixed solution where boundary conditions are given on the wing and
pressures (identically zero) on the canard. This latter design will then be in
the set of optimum solutions although the required camber may prove impracti-
cal. In either instance, since these are restricted solutions, the off-design
characteristics must be carefully monitored.
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Cruise design. - The -17A RPRV is shown in figure 11. A planform simulating
the wing, stroke and wingtip fin is shown in figure 12. The optimum loading
(valid also with an in-plane canard) is shown in figure 13. A chordwisc cen-
ter of pressure (X/C)cp spanwise variation similar to that for the add load
was selected and adjusted to satisfy the moment constraint. The restricted
solution (wing alone) resulted in forward center of pressure locations and thus
higher net loads near the leading edge. The twist and a typical camber dis-
tribution derived for this loading are shown in figures 14 and IS, respec-
tively.

An upper surface pressure distribution was selected, based on maintaining
subcritical flow normal to the isobars up to Moo = 0.93. For the assumed flat-
top distribution the required thickness distribution was calculated. Since
the velocity due to lift was high near the leading edge, a thickness distri-
bution with small leading edge radius evolved (figure 16). For supersonic
cruise this type of thickness distribution is advantageous and since the tran-
sonic cruise pressure distribution requirements are met there was no reason to
further alter the cruise design.

The maneuver camber for a design lift coefficient of CL =0.5 was simply
scaled from the cruise wing camber by the ratio of the design lift coefficients.
Thus, the optimum span load will result at the intermediate design point
(CL = 0.5). The twist and camber were modified to limit the section lift on
the outboard wing to Cjj ~ 1 for CL = 1. Maneuver twist and camber are prc-
sented in figures 17 and 18.

At this point a variable camber system was not considered for the canard.
An uncambered canard, similar to standard weakly coupled trim surface arrange-
ments was selected. The problem of setting the proper incidence for operation
with either the cruise or maneuver wings, or both, was not addressed. Since
the system is, in fact, highly coupled, the performance could be severely
degraded. Later analysis of both, the cruise and maneuver systems indicated
that, as a result of not integrating the canard properly into the design,

(1) The 0% and 1001 suction drag polars for the complete configuration
were not tangent,

(2) The maneuver design lift was effectively lower than prescribed,

(3) The high peak pressures and small leading edge radius would promote
separation on the outboard wing, and

(4) The configuration was not self-trimmed.
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Figure 11. - RPRV, -17A.

O.OSr;

Figure 12. - RPRV wing planform, -17A.-
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Test results. - A 0.147-scale model of the configuration designated -17A
was tested in the LRC 8-Foot Transonic Pressure Tunnel. The data presented are
used to illustrate those aspects pertinent to the suhcrl'tical design process.
Lift, moment, and drag due to lift for the maneuver wing are shown for sub-
critical conditions. Drag due to lift was evaluated by removing the estimated
skin friction drag based on flat plate turbulent skin friction and standard
form factor corrections. Comparisons with a linear theory analysis are also
presented.

The nonlinear moment characteristics (figure 19) result from the wing and
canard strakes, as indicated by data for the strake input. The strakcs pro-
duced a vortex lift but negligible net load due to the effect of the close-
coupled surfaces. The drag due to lift (figure 20) is indicative of the
neglect of the canard interaction. In figure 21 drag due to lift factors are
compared for canard on and off. Noting that this was essentially a wing alone
design, the performance for the canard-off configuration meets the design
objective for moderate C^. The total drag at C], = 1 is shown as a function of
Mach number in figure 22 and indicates unsatisfactory maneuver performance
relative to the design goal. l:low visualization studies indicated a strong
shock in the canopy region, in addition to those on the wing and canard.

Conclusions. - The experience with the design process and the results of
the wind tunnel test are summarized below. The major area of concern is the
wing-canard interaction and the basic wing design. The -17A design resulted in
a loading that was incompatible with the design objectives with the following
adverse effects:

(1) Without the zero leading edge singularity constraint at a reasonably
high lift coefficient, the leading edge peaks that developed on both the wing
and canard resulted in premature separation. An additional factor in this
regard was the arbitrary modification of the wing twist and camber in an
attempt to limit the outboard wing section lift.

(2) The section lift on the outboard wing was not sufficiently
constrained.

(3) The total configuration trim requirement was not met.

(4) The small leading edge radius resulting from the thickness derivation
is inappropriate if an intermediate design lift is selected. Such a thickness
distribution still may be applicable if the lift where the twist and camber
are derived is sufficiently close to the primary design point (CL ~ 1).
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A refined subcritical drag-due-to-]ift optimization is capable ol" alleviating
these problems. Additional actions required were to alter the stability vari;j
tion due to the wing-body blending and strakes and to minimize the forelxxly
pressure gradients.

Wing-Canard Design

Shortly after the initial design attempt, modifications to the linear
theory design methods were made as noted previously. The design iterations
involved in the second cycle are described in the following:

Objectives. - The overall objective was to optimize the drag due to 1 i f t
for the entire configuration and set guidelines for this process for a close-
coupled canard vehicle. The design goals utilized initially were:

(1) Twist and camber resulting in zero leading edge singularity at the
design lift for both maneuver and cruise configurations

(2) Nearly optimum loading

(3) Trimmed configuration, including wing and canard loading, at the
design lift

(4) Satisfactory thickness distribution (leading edge radius)

(5) Acceptable maneuver configuration upper surface pressure distribu-
tion at high loadings (spanload constraints')

The subcritical design points at MOP = 0.7 were Q = 0.5 and 0.15 for the
maneuver and cruise configurations, respectively. Additionally, the section
lift would be limited to Cj< 0.75 for CL = 1.

Design iterations. - A considerable number of solutions were evaluated
with the modified design programs since the process was fully automated and
used in an interactive mode. Attention was concentrated initially on the
maneuver condition. Some preliminary calculat'.ons were made to determine the
effect of the canard downwash on the wing twis-; and camber requirements for
various loadings. Returning to the baseline -17A (figure 23) an optimum
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Figure 23. - HiMAT/RPRV planform, - 17A.
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Figure 24. - Wing spanwise load distribution.
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coplanar loading was calculated and the camber was derived for wing ;ilone ami
wing-canard configurations. For the latter, an arbitrary load was removed from
the wing (figure 24). The wing twist distributions (figure 25) illustrate
the compensation required to counteract the canard downwash. With the snrne
lift distribution, the effect of 20° canard dihedral was to decrease the peak
downwash and upwash values resulting in the twist requirement shown on fig-
ure 25. The twist distributions for this example would of course not be con-
sidered in practice and indicate how the optimum loading may not bo feasible.
For additional wing-canard loadings the results indicated that the mutual
interaction should be further dampened by increasing the vertical spacing of
the surfaces.

Improved controllability at low speeds required the modification of the
nonlinear moment characteristics of the strake arrangement. The wing strakc
and wing-body blending were deleted and the canard attachment point was moved
inboard. The simulation is shown in figure 26. This was an interim config-
uration and for reference purposes it will be designated here as the -30A wing
and -40A canard. Efforts to obtain a practical maneuver camber satisfying the
design constraints were initiated with the calculation of the optimum loading.
For the nonplanar configuration the wing-canard load distribution is now
determinate. The load distributions for the optimum condition and the required
wing twist are shown in figures 27 and 28, respectively. One of the design
requirements was a limitation on the section lift. Tn figure 29 the boundary
for Cf = 0.75 at CL = 1 is compared with the results for the optimum. In the
derivation of the optimum span load, constraints may be imposed for any number
of surfaces. The outboard third of the wing was constrained to a 1ift coeffi-
cient equal to that corresponding to the design boundary of figure 29. With
the canard constrained to C^ = 0.075, the wing span loads and twist distribu-
tions are shown in figures 27 and 28. The constraint process was success-
ful in limiting the section lift at the wingtip (figure 29). However, the
twist required (figure 28) to unload this region was impractical.

To obtain a smoother wing twist, the large variations in span load were
eliminated. This was accomplished with two modifications. First, to reduce
the outboard wing section lift and lift curve slope, the chord was extended.
This allowed a higher design load to be specified. Second, loading was trans-
ferred from the inboard wing to the canard. The canard modifications were
based on the foilDwing compromises:

(1) To eliminate possible unfavorable interference where the canard and
wing overlapped, the canard trailing edge attachment point was moved forward.
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(2) The canard sweep was changed to maintain approximately the same
stability levels for the forward position and increased area.

(3) In an attempt to reduce the nonlinear moment at moderate lifts hut
retain the vortex lift concept at higher lifts, the canard strakc was removed
and the canard leading edge sweep was increased to 63°.

These revisions are shown in figure 30.

A constrained optimum span load was calculated with 301 of the design load
on the canard and the wing Load constrained as before. The load and twist dis-
tributions are shown on figures 31 to 34. As a result of the more even load
distribution, the wing twist is smoother relative to earlier results. In
deriving the solution, the following parameters were monitored:

(1) Drag-due-to-lift penalty resulting from constraints, and

(2) Chord load shape.

The chord load distribution must be such that acceptable'upper surface pressure
distributions result at and above the design point (CL = 0.5). Since the
chordwise load shape is primarily a function of (X/C)cp, a spanwise distribution
of (X/C)C is prescribed so that the isobars are properly swept.

The wing twist distribution was smoothed as noted in figure 33. At some
span stations the zero-singularity requirement will not be met at the design
point. The net effect on drag due to lift was negligible. However, this com-
promise produced a leading edge peak on the outboard wing. The section lift
constraint was met on the outboard wing, but was not met on the canard tip.
This was a compromise in an effort to produce a smooth wing twist and camber.
When trimmed at CL = 1, the canard section lift exceeded only slightly the
design constraint.

Cruise wing. - A similar design was obtained for the cruise condition,
CL = 0.15. The outboard wing loading was not constrained. To achieve compat-
ibility in camber shape the same load balance was assumed, that is, 30% of the
total lift was placed on the canard (figure 35). This constraint resulted
in only a 0.0003 vortex drag penalty relative to the optimum. The wing and
canard twist are shown in figure 36. The cambers were similar in shape to
the maneuver configuration but they could not be obtained geometrically from
the maneuver camber by deflection of the leading edge. Therefore, over most
of the wing, the cruise camber slopes were replaced by the maneuver values for
the center chordwise region. An analysis indicated no drag-due-to-lift pen-
alty. The design cruise and maneuver camber distributions for 17= 0.5 are
shown in figure 37 along with the modification for the cruise wing.
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Thickness derivation. - The thickness distributions were derived for the
cruise condition using the linear theory design guidelines. The assumed upper
surface pressure distribution is shown in figure 38 along with a typical chord-
load shape and the resulting thickness distribution. The importance of properly
prescribing the chordload shape is illustrated by the comparison with the -17A
results. The improved leading edge win minimize the development of pressure
peaks at off design.

The thickness distributions for the inboard wing arc shown in figure .V.).
To reduce the supersonic pressure drag, a thinner section was designed based
on a compromise between a flat-top upper surface pressure distribution and the
associated wave drag due to volume (figure 39). The revised thickness dis-
tribution was also selected to produce a triangular type pressure distribution
such that the local isobar sweep was slightly higher than the wing generator
sweep in the forward wing region.

Lifting surface analysis. - The maneuver sections were constructed and
analyzed at H» = 0.7 for a range of lift coefficients. For C[, = 0.88 the wing
and canard upper surface pressure distributions are shown in figure 40. In
general the desired isobar sweep has been achieved and the aft gradients arc
moderate. As noted previously, as a result of smoothing the twist, the out-
board wing exhibits a leading edge pressure peak. A yawed wing viscous calcu-
lation predicted transition due to cross flow instability near the leading
edge but no separation of the turbulent boundary layer.

For comparison, the results for the -17A configuration, at a lower lift of
CL = 0.78, are shown in figure 41. The superiority of the revised design is
indicated by the overall reduction in adverse pressure gradients. For sub-
critical flow, no additional problems are indicated from this analysis of the
maneuver sections. The remaining problems, alluded to previously, are the
excessive section lift on the canard and the leading edge singularity resulting
from the smoothing of the twist. Efforts were initiated to correct these
deficiencies as explained in subsequent sections.

Fuselage modifications. - The forebody and canopy regions were revised in
an attempt to weaken the adverse pressure gradients, which produced shock-
induced separation at the transonic design point. The objective was to reshape
the forebody maintaining approximately the same longitudinal area distribution
for wave drag considerations and weakening the growth of pressure peaks in the
region of the canopy. Any adverse effect in this region is increased due to
carryover loading from the canard. This carryover loading was evaluated for
the equivalent body of revolution to establish where the interference would be
greatest. The arbitrary slender-body analysis was then used to determine, by
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iteration, a suitable forchody geometry that would limit the growth of pc;ik
pressures with angle of attack. In this way, the longitudinal adverse gradi-
ents would be reduced.

The original -17A and the revised cross sections at X/L = 0.25 are shown
in figure 42. At this station the carryover interference was largest. The
extent of the reduction of the upper surface velocities is shown in figure 42
and indicated that the adverse gradients will be substantially reduced.

Test analysis. - The maneuver and cruise designs referred to as the
-18 configuration (figure 43) were tested to determine both low speed and
transonic characteristics. Discussion of the cruise wing characteristics w i l l
be deferred to a later section but the transonic, M = 0.9, drag-due-to-
lift goal was met at the cruise lift coefficient.

Results for the maneuver configuration at subcritical conditions, M = O.d,
are presented in figures 44 and 45 along with theoretical estimates. I-Lft
and moment are shown in figure 44. The moment reference point is the leading
edge of the rnean^ aerodynamic chord, c~, while the center of gravity used in the
design was 0.07c aft. The fact that the analytical model was not trimmed at
the design CL is due to the smoothing of the twist distribution. The differ-
ence between predicted and experimental moment resulted from some discrepan-
cies in the model design twist and camber. Of importance, though, is the
reduction of the nonlinear moment I'or the intermediate lift range.

Drag due to lift is. shown in figure 45. The improvement relative to the
-17A configuration is indicated by comparing these results with figure 20.
For the -18, at high lift, leading edge suction is lost due to separation on
the canard or the outboard wing, or both. The drag due to lift is, however,
still 301 lower than the previous configuration because the polars are tangent
at the prescribed design lift.

At the transonic design point (M = 0.9, C^ = 1") there was appreciable drag
rise resulting from an unswcpt shock on the inboard wing and shock-induced
separation on the outboard wing. Ikjwcvcr, the body-canopy shock was substan-
tially weakened.

Conclusions. - The major conclusion was that the subcritical design
process was successful in reducing the drag due to lift by:

(1) Constraining the span load

(2) Maintaining the tangency of the 0% and 100% suction drag polars
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Figure 43. - RPRV wind tunnel model, -18.
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(3) Providing a sufficient leading edge radius to accommodate the dif-
ference in the required (CL ~ 1) and design (0.5) lift coefficients

The loss in efficiency at higher lifts may be corrected hy constraining the
canard lift and eliminating the leading edge peak on the outboard wing. Rede-
sign of the twist/loading distributions will also restore the self -trimming
capability. The unsatisfactory characteristics at transonic speeds were not
surprising since no modifications were made to the design for this operating
range .

Revised Subcritical Design

Objective and implementation. - The objectives of the second subcritical
wing-canard design cycle were to examine the various wing-canard loading com-
binations which would meet the section lift requirements and to derive a twist
and camber that did not require modification. To accomplish both objectives
the constrained optimum solution was not used directly. Instead, the loading
was prescribed at each span station so that all constraints would be met. l;or
the inboard wing, where section lift constraints were not required, the loading
was adjusted and the camber examined in an iterative cycle.

Design iterations. - The span load/camber iteration was initiated with the
load distribution resulting from the first -18 design. To satisfy the section
lift constraints, load was shifted from the canard to the wing. The loading on
the inboard wing was varied until a smooth twist and camber resulted. The
revised wing-canard loading is shown in figure 46 and the corresponding twist
distributions are presented in figure 47. Since the design twist was not
compromised, the leading edge singularity does not occur at the intermediate
design point and is weakened at the maneuver point in comparison to the pre-
vious design.

For the revised design, the moment constraint was relaxed to provide
favorable transonic trim requirements. At the design lift, CL = 0.55, the
configuration was trimmed at 0% c, forward of the actual center of gravity.
The revised load and moment balance resulted in maximum wing cambers which
were considerably larger than the original design. To provide compatibility
with the cruise configuration, the solution was actually obtained at M^ = 0.9.
For linear theory the span load shape is essentially independent of compress-
ibility. The penalty in 01 suction drag at subcritical conditions was small,
as will be shown subsequently.

The twist and maximum camber distribution for the revised wing ( -34) are
compared to the previous results in figures 48 and 49. Note that the
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spanwise camber distribution has also been smoothed due to the revised loading.
The corresponding results for the canard are shown in figures 50 and 51.

Test analysis and comparison with theory. - The 0.22-scale model of the
-18 configuration was modified and tested in the Ames 14-Foot Transonic Wind
Tunnel. Longitudinal characteristics at subcritical conditions, M = 0.6, are
shown in figures 52 and 53. A linear theory lifting surface analysis was made
with the measured model coordinates. The agreement with the experimental 1 i f t
and moment (figure 52) is quite satisfactory. Drag due to lift is shown in fig-
ure 53. The increase in the 0% suction drag relative to the previous config-
uration (figure 45) is small. Of more importance is the reduction in vortex
drag (100% suction) resulting from the improved span load shape. The increased
efficiency at high lifts results from the canard section lift constraint and
the improved upper surface pressure distribution on the outboard wing.

The untrimmed drag rise characteristics of the first -18 configuration and
the revised design are shown in figure 54. The revised configuration meets
the subcritical design goal hut, as expected, both subcritical wing-canard
designs are deficient at the transonic design point. The oil flow results for
the transonic maneuver condition (figure 55) indicate shock-induced separa-
tion on the outboard wing and canard and an unswcpt shock near the trail ing
edge of the inboard wing.

Conclusions. - The test results confirm the val.idity of the design process
for subcritical flow for high lift, high efficiency operation. As a measure of
the total efficiency achieved reference is made to figure 53 where the flat
plate drag-due-to-lift factors 1/n-AR and l/Cjja are compared with the test data.
Of course for a nonplanar configuration the optimum is 1/TrARe where e~1.3 for
the HiMAT design. This optimum, though, can only be realized at high loadings
to the extent separation can be eliminated. The subcritical design now pro-
vides a basepoint from which further modifications can be made for supercriti-
cal flow. The subcritical design process cannot be expected to yield
satisfactory designs for low aspect ratio, highly loaded configurations oper-
ating in the transonic range. However, this process provides an effective
means of initializing the design.

Wing-Body Interference

The subcritical design was obtained with the body simulated as a lifting
surface. The alternative is to replace this lifting surface with a slender
body and an interference shell located near the surface of the actual body.
Some of the consequences of this alternative will be examined in the following
paragraphs.
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Figure 55. - Oil flow of subcritical design maneuver configuration,
TWT 294 Test W?C4, M = 0.9, a = .7°,
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The revised design (-34 wing, -42 canard) was analyzed with a slender body
simulation at M«> = 0.7. The simulations differed with respect to the lifting
surface attachment points, with the slender body slightly wider than the flat-
plate body. Neither simulation -is considered preferable for this geometry.
The effect of the slender body solution on the span load shape at CL = 0.545 is
illustrated in figure 5b, ;md reflects the body-induced upwash and the lift
loss on the body. The O'i and 100% suction drag polars (figure 57) do not
differ substantially from the pure lifting surface simulation. Tne load redis-
tribution for the slender body configuration counteracts the loss in efficiency
associated with wing-body interference so that a net reduction in vortex drag
results.

Because the span load constraints are violated, the section lift predicted
at CL = 1.0 for the slender body simulation exceeds the design goal of
Cf <0.75. The section lift for the design solution and the body/lifting sur-
face analysis are shown In figure 58. Because of the slight differences in
the geometric simulation, the actual lift will be between these values but
closer to the upper limit. The test data indicate, though, that the upper
limit was exceeded without any appreciable separation at subcritical conditions.
The value set for the section lift limit was based initially on experience with
two and three-dimensional section characteristics as a function of Mach number
and Reynolds number. Considering the available supercritical wing and airfoil
technology and the design goals, it was concluded that no redesign was required
at this time.

The preceding results indicate the importance of assuming a suitable load
distribution consistent with wing-body interference effects. This is required
when the design is initiated with a lifting surface simulation (flat-plate
body) as was done here. Alternately, a slender-body/1 ifting surface inverse
solution may be obtained. However, with the interference shell concept, the
simulation for multi-surface configurations is generally inadequate. An exten-
sion of the linearized chord plane analysis is required for wing-body inter-
sections which are not aligned with the free stream. This is preferable to the
complexity involved in surface singularity methods for the purpose of evaluating
several design options.

Canard Planform Madifjcation

Between the subcritical and supercritical design phases the canard leading
edge sweep was changed to 55° to improve low speed controllability. Previously
the wing and canard strakes had been removed but the canard leading edge sweep
was increased from 45° to 63° in an attempt to retain the vortex lift charac-
teristics and Ci of the earlier concepts.
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During the subcritical design/test cycle low speed tests were conducted
to evaluate the C|j]Iulx/cont ml lahi 1 ity trade as a Function of canard sweep.
The results of these and subsequent tests are shown in figure 5i). A com-
promise sweep of 55° was .selected to maintain a C|,I1I;IX of approximately 2.0.
The canard planform change is shown in figure 59. '(he new configuration was
analyzed with the camber and iwist distributions derived for the (->3° canard
design. There were no substantial changes in the span loads, drag, or
moment and a rcoptlmization was not pursued since the supercritical modifica-
tions were in progress.

The impact of the nonlinear moment characteristics associated with the
development of vortex lift was not fully appreciated in the initial stages of
the configuration development. As a result, sufficient control power was not
available at high angles of attack in the low speed regime. It is necessary
then to establish at an early stage the high angle of attack characteristics,
trim requirements, and dynamic performance through analytical or experimental
studies, or both. At present there are no analytical methods which have been
demonstrated to give reliable predictions for the phenomena associated with
leading edge vortices due to separation and their interaction with the flow
field at large.

SUPERCRITICAL DESIGN

Before the first subcritical design/test cycle it was realized that the
HiMAT configuration and design goals would require the development of capa-
bilities for analysis at transonic conditions. The state of the art was
(and is still) such that complicated configurations could not be analyzed.
The recourse was to modify an existing method to the extent possible and pre-
pare it for use as an engineering tool. The following discussion concerns the
development of and experience with the transonic wing theory and the actual
implementation of this and the other transonic analysis tools for the IliMAT
configuration.

Small Disturbance Theory Experience

Cruise wing analysis. - The modifications to the Bailey-Ballhaus code
included the addition of a vertical tip fin and the capability of specifying
an irregular planform. Calculations with this nonlinear code were made for
the first cruise wing (-17A) for a range of Mach numbers covering subcritical
and supercritical conditions. Comparisons are made with linear theory at
Moo = 0.7. The span load distribution and pressure distribution for the
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region out of the influence of the tip fin arc shown in figures d() and o I.
The agreement between the calculated pressure distributions atn~o.8 is
satisfactory, as shown in figure 61. Moreover, lor the inboard region of
this wing and for the entire surface of the wing without fin configuration,
the agreement was similar.

The disparity between the two results concerning the tip fin was not
resolved until much later. It was found that in the transonic small dis-
turbance code a parameter operating on the fin boundary condition was not
correct. The effect was to increase the fin slopes by a factor that is
dependent on Mach number. The error was approximately 13% at M = 0.9 increas-
ing to 40% at M = 0.7.

Maneuver wing analysis. - When the first subcritical wing-canard design
was completed, the intent was to utilize the Bailey-Ballhaus code to analyze
and modify the maneuver wing for low-drag supercritical flow. The following
considerations affected the implementation of the transonic analysis. First,
the simulation did not include the canard so that wing pressures would have
to be treated in a qualitative manner. Second, the formulation was not well
suited to capture swept shocks. With these points in mind there was initially
some hesitation regarding the modification of the configuration until experi-
mental pressure data were available. Nevertheless, some modifications were
attempted, but they were minor in nature. The problem at this stage was
implementing a trial and error procedure to obtain pressure distributions
which would reflect the supercritical design philosophies described under
'Transonic Design." As a result, the two subcritical configurations were tested
essentially as designed. The results of the transonic analysis of these two
designs are presented to illustrate the features of the transonic methodology
and as a base point for later configuration modifications.

The first series of analysis and design attempts were done with a coarse
solution grid for the -31 wing design. The conditions for which the small
disturbance theory is applicable are not known a priori. At Ma, =0.9, the
angle of attack corresponding to the subcritical intermediate design point
was selected. The analysis later indicated that this was probably close to
the limit where the theory was applicable. The upper surface pressures for
the -31 wing are shown in figures 62 and 63. The formation of an unswept
shock extending outboard ton-0.7 is indicated. The solution with a fine
grid is shown in figure 64. With the increased grid density, the shock
near the trailing edge was resolved (figure 64 (a)) but no shocks were indicated
on the outboard wing (figure 64 (b)J. With a relaxation solution there is
always the question of the required number of iterations for convergence.
The previous fine grid results were obtained with 450 iterations from a
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coarse grid solution. Results for two spanwisc stations after 2000 additional
iterations arc presented in figure (>5. The qualitative nature is unchanged.

The second subcrltical design (-34 wing) was not analyzed in detail
because of the short duration of the design/test cycle for this configuration.
The results, however, did not differ appreciably from those of the previous
wing.

Comparison of theory and test. - To resolve the configuration deficien-
cies at transonic conditions and provide some guidelines for the implementa-
tion of the Bailey-Ballhaus analysis, a follow-up test was conducted (TWT 294),
after the Ames series (ARC Test 156-1-14), to measure upper surface pressure
distributions.

The model coordinates were measured and a fine grid solution was obtained
at a = 5° for comparison with the data. The theoretical calculation (fig-
ure 66) indicates the same qualitative behavior as the -61 subcritical design,
specifically, a strong upswept shock inboard of 70 o span and no shocks on the
outboard region. For two spanwisc stations the calculations were compared
with canard-off measured pressures. At 55% span [figure 67 (a)) the agreement,
allowing for viscous effects, Is satisfactory with regard to the shock loca-
tion. However, for the outboard wing (figure 67 (b)) the shock is not captured.
Oil flow results indicated a swept shock and attached flow at a= 5°. The
inability of the method to adequately capture swept shocks has been noted
previously. The slower convergence of the solution for this region may
account for some portion of the difference but, based on earlier results,
it was concluded that no shock would be predicted with further iterations.

Some proposed modifications to the method similar to those of reference 10
were considered. These involved additional terms in the governing equation
and revisions to the differencing scheme. However, at the time, no modifica-
tion was available to impact the design effort.

Conclusions. - The nonlinear analysis did validate the early -17A
subcritical cruise design. The design and analysis were made for the wing-
alone configuration. The results at M = 0.9 indicated a slightly super-
critical rooftop distribution in agreement with the design philosophy.

For the maneuver point the disparity in the experimental and calculated
results for the highly loaded outboard wing will limit the analysis and design
capability for the present small disturbance formulation. This fact, along
with the inability to account for the canard, requires additional testing
within the design cycle.
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Three-Dimensional Transonic Maneuver Design

Based on the preceding transonic calculations and test analysis, the
redesign of the HiMAT configuration was divided into two phases. The first
was to improve the characteristics of the maneuver wing through application
of the nonlinear small disturbance theory in an iterative manner. The
second phase involved the design of those regions where the existing small
disturbance formulation was not adequate - that is, the outboard wing and the
canard. This section describes efforts relating to the first phase.

Design objective. - For the inboard and center regions of the wing
(>7<0.7) the primary design objective was to reshape the sections to weaken
the shock near the trailing edge. For this region, where the generator sweep
is varying considerably, the design criteria outlined under "Aerodynamic
Design Approach" prescribes a triangular-type upper surface pressure distri-
bution. The distribution must be such that at higher lifts (CL ~ 1) only
a series of weak shocks occur.

Wing design implementation. - The Bailey-Ballhaus transonic analysis was
used in a trial and error manner to reshape the pressure distribution. Tf a
triangular-type upper surface pressure distribution is prescribed, the possi-
bility exists that in reality weak swept shocks may form which will not he
captured with the analysis.

To redesign the inboard and center wing sections, the camber was modified
so that the load would be moved toward the leading edge. The wing was
analyzed and based on these results the upper surface was varied in a trial
and error process until an acceptable pressure distribution was obtained.
The lower surface was then modified to produce a camber distribution which
would retain the subcritical maneuver performance at high lifts.

The results of the first series of modifications are shown in figure 68
for 60% span. All calculations were made with the fine grid to properly
resolve the shocks,. Additional reshaping was not successful in further
weakening the shock. The span load distribution prescribed in the subcriti-
cal design was generally maintained. The section lift coefficient increased
across the span until about "q =0.7. The center third was thus more critical
than the inboard region. To further weaken the shock in this center region,
the trailing edge sweep was increased. The wing sections were modified
slightly to assure that the proper isobar sweep was maintained. The pi anform
modification and the resulting change in the pressure distribution al dO" span
arc shown in figure 69. The wing section at 601 span for the supeivrit ii-.-il
design (-35 wing) is compared to the -34 wing section in figure 70.
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Figure 69. - Transonic wing design - effect of planform modification.

81



.2 .3 -.*» -5 .6 .7 .8 .9 1.0

Figure 70. - Wing section modification.

M=0.9
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The upper surface isobars for the -35 wim; arc shown in figure 71..
It is noted at this point that the outboard wiig was not considered in the
preceding design cycle. The wing sections we™ obtained by extrapolating
those in the center region. The solution for :rhe outboard wing is probably
not reliable for the reasons discussed earlier;regarding swept shock capture.
The resulting unsweeping of the isobars is thu/> considered to be exaggerated.
The influence on the center wing region is suc.i that the shock strength is
probably less than indicated in figure 69, or iin other words, the recomprcssion
is smoother. '

At this point in the development of the Configuration a single wing let
was proposed rather than a variable camber system. The cruise winglet was
selected as a baseline in order to reduce supersonic pressure drag. This
choice did not preclude modifications for efficient transonic operation at
the maneuver condition. The limitations of the three-dimensional transonic-
analysis regarding swept shock capture indicated that a design/test cycle
would be required for both the outboard wing and winglet.

Canard design implementation. - Because of a combination of high average
sweep and high loading, the use of the Bailey-Ballhaus analysis for the canard
proved unworkable. The previous (63°j canard was characterized by shock-induced
separation well before the transonic design lift. To take proper advantage
of the canard sweep, that is, higher critical velocity near the leading edge,
the design would resemble the triangular-type pressure distribution prescribed
for the center wing section. As a first approximation, this wing section was
used for the inboard canard. The section was varied outboard to maintain the
isobar sweep based on a subcritical analysis.

Subcritical analysis. - With the revised wing and canard sections a
subcritical lifting surface analysis is required to verify that the sub-
critical performance is still acceptable. Since the transonic methodology
cannot analyze the wing-canard interaction at high lift coefficients there
is no guarantee that the transonic goal or even the subcritical goal will be
met.

A wing-body linear theory analysis was made for the revised wing and
canard sections. The drag due to lift was not substantially different from
that of the previous subcritical design. However, the combined effect of
the body inductions and the revised camber produced a section lift on the
outboard canard that was higher than that on the outboard wing. A wing-body
inverse solution was used to determine the additional canard twist required
to meet the section lift goals. The additional twist distribution was
approximated by a constant 1° negative deflection for the entire canard.



Test results. - The revised wing (-35) and 55° canard (-44) for the
maneuver configuration were tested (TWT 296) to determine the effectiveness of
the supercritical modifications and to provide additional pressure data for
estimating the influence of the canard on the position and strength of the wing
shocks.

The modifications were successful in weakening the center wing shock and
eliminating shock-induced separation at the design point. Pressure distribu-
tions at 55% span are shown in figure 72. For this design there was a swept,
weak shock at approximately 351 chord. Oil flow results indicated that the
shock at 8bl chord did not separate the boundary.

A comparison of the measured canard-off pressures and the Bailey-Ballhaus
solution is shown for 251 span on figure 73. The agreement is quite satisfac-
tory considering the neglect of viscosity and body effects. Farther outboard
(r\ = 0.55) the agreement was not as good due to the development ot the weak
swept shock and the fact that the proper isobar sweep was not obtained in the
calculations. The latter, as noted previously, was due to the deficiencies
in the outboard wing solution.

As an indication of the extent to which the canard influences the design,
comparisons of canard-on and canard-off pressure distributions are shown in
figure 74 and two points are noted. First, the canard downwash unloads the
inboard wing which in turn reduces the outboard wing loading. Thus, across
the entire wing span separation is delayed in the presence of the canard.
Second, for the critical portions of the wing, the supercritical design pro-
cedure considering the wing alone was adequate as a first approximation.

The experimental wing and canard upper surface isobars are shown in
figure 75. At this condition, a = 7.6°, the wing isobar sweep indicated a
satisfactory design. On the canard an unswept shock developed but from the
pressure data the conclusion was that the flow remained attached well above
this condition - in fact, to o~10°. The canard modification of course was
not rigorous but it was in the right direction. Well before separation was
present on the canard, shock-induced separation occurred near the leading
edge of the outboard wing. This is illustrated in the oil flow of figure 76.
As a result no improvement was made j.n the transonic drag due to lift. The
oil flow does, however, indicate the improvements made with the supercritical
design process for the inboard and center wing regions.

In this series of tests, force data were available for two configurations,
WgCs and WgCs- The latter included the change in canard twist described under
the preceding heading "Subcritical analysis." Instead of deflecting the
canard, the wing was rigged with a positive 1° incidence. For subcntical
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Figure 73. - Calculated and measured canard-off -35 wing pressures.
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conditions, the effect of the wing incidence change w.-is to reduce the drag due
to lift by 5% at CL = 1.0. There was no change .it M = 0.9 because of the
separated flow on the outboard wing for both configurations. However, for
later tests with an improved wing, the same reduction in drag was achieved
at transonic speeds.

Conclusions. - The utilization of the Bailey-Hallhaus nonlinear small
disturbance analysis was successful in satisfying the design objectives for
the wing alone. The unswept shock was essentially eliminated over the inboard
70% of the wing. This shock was replaced by a series of weak, swept shocks.
Near the wing root the unswept shock remained, as expected. The experi-
mental pressure data indicated that the shock strength at the wing root was
moderate at the design condition - local Mach number liefore the shock of 1.2.

The design objectives were generally maintained in the presence of the
canard. The effect of the canard downwash over the center wing section did
not change the weak, swept shock pattern. For the inboard wing near the body
the effect of canard was not apparently equivalent to an angle of attack
change. The pressure distribution indicated a slight, expansion approaching
the trailing edge shock whereas the wing alone pressure distribution was
nearly flat until the shock.

Since the outboard wing was not included in this first design phase,
the results for this region were not unexpected. To correct the deficiencies
associated with both the outboard wing and the canard requires implementation
of a higher order theory or empirical modifications in the wind tunnel.
Higher order theory would encompass a full potential solution, reference 18,
or appropriate modifications to small disturbance theory (for example,
reference 19).

Outboard Wing Design

The inapplicablity of the small disturbance analysis for the highly
swept outboard wing required the utilization of a two-dimensional/sweep
theory design cycle. A higher order three-dimensional solution (ref. 18)
would be preferable hut could not be implemented in the time span required.
The intent was to use two-dimensional section results and sweep theory to
arrive at an appropriate upper surface pressure distribution for Hie relatively
low taper outboard wing. Then, if the wing can be shaped to reproduce I lie
two-dimensional result, the two-dimensional design goals can be met.

Design objectives. - The primary objective was to eliminate the shock-
induced separation at the design point. At or near the design condition a
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shockless or weak shock solution would be sought. Some trailing edge
separation would be admitted. Additionally, the section thickness ratio
must be compatible with the allowable supersonic pressure drag.

Design implementation. - First, the approximate two-dimensional section
requirements were established. With a linear theory analysis and a correction
based on the change in the spanwise variation of loading from the nonlinear
analysis, an estimate of the section lift on the outboard wing was made for
the existing configuration. A nominal design total lift coefficient of
Cj^ =1.0 was selected. This is still below the maneuver design point
(C'L ~ 1.1)» but, referring to figure 7, there is some allowance for
decreased efficiency in the goal definition. The section lift requirements
(figure 77) are still quite high but attempts to further constrain the
outboard wing load would result in impractical twist requirements.

For this condition, using the midchord sweep (A= 40°), the required
two-dimensional section lift Cj is of the order Cf = 1.2 to 1.4. The normal
Mach number is M_L = 0.69. Thus, if an airfoil section can be designed for
efficient operation at these conditions, the corresponding pressure distri-
bution, CpCos2A, can be prescribed as a design goal for the finite yawed
wing. The second problem is to reshape the outboard wing sections to produce
infinite yawed wing conditions. This does not follow exactly for a tapered
wing as is the case here. If the two-dimensional section and pressure distri-
bution are assumed perpendicular to an element, then the streamwise section
and pressure distribution will be distorted relative to the infinite yawed
wing solution.

Some approaches to the first part, defining the airfoil section, are
summarized as follows:

(1) Select an existing supercritical airfoil

(2) Transonically scale a known solution

(3) Develop a section with a design/analysis iteration such as in
reference 14

(4) Design a shockless section with the inverse hodograph method
(ref. 11)

Of these, (4) was beyond the scope of the present effort.

After a suitable inviscid pressure distribution is obtained, the dis-
placement thickness for the yawed win,g condition is removed from the section.
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In a fully three-dimensional design, the strcamwisc inviscid design pressure
distribution would be prescribed and the contour obtained with a transonic-
inverse solution as suggested by reference 19. A three-dimensional viscous
calculation (for example, rcf. 20) would then define the required displace-
ment thickness to be removed. Here, though, an approximate approach was
taken. After the streamwise section was defined, a linear theory analysis
was made to assure that the sectional subcritical characteristics vverc
nearly constant for the outboard wing region.

Shockless airfoil, off design. - Of the available supercritical sections,
an airfoil reported in reference 16 came closest to the design requirements.
The section is designated 65-14-08 where the sets of digits refer to nominal
design Mach number, lift coefficient and thickness ratio. The shocklcss
design pressure distribution is shown in figure 78, which is reproduced
from reference 16. Also shown is the result obtained with the analysis
program (ref. 11).

If this section is utilized directly, the design Mach number will be
lower than required. At Mro = 0.9 (Mj_~0.69) the section will be operating
off design and the advantages of the shockless approach will be lost. The
section was analyzed at the appropriate two-dimensional conditions to deter-
mine the penalty due to the off-design operation. These results are shown
in figure 79. Approaching the design point, shock-induced separation was
predicted. The analysis for Cf~1.4 of figure 79 is thus not realized.

These results were not encouraging since the design goal would not be
achieved. However, the section was implemented to provide data relative to
the applicability of sweep theory for the outboard wing region and because,
even operating off design, it appeared to be an improvement over the previous
configuration. For the corresponding streamwise section a subcritical analy-
sis indicated that the 'existing twist distribution would maintain nearly
constant section characteristics for the outboard wing.

The modified maneuver wing (-36) was tested (TWT 296) and pressure
distributions at 851 span are presented in figure 80. The sweep theory
analysis is shown to indicate predicted shock position and strength prior to
separation. The drag rise characteristics for the configuration with the
supercritical modifications described earlier and this first attempt at an
outboard wing design are shown in figure 81. The test configuration identi-
fied as W10

C5 was developed from the wing with the 1° incidence. The
improvement relative to the best subcritical design is noted, but there is
still a substantial reduction in drag required to meet the design goal.
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The design pressure distribution shown in figure 79 is obviously
unsatisfactory. There are two alternatives. The first is to use a section
closer to the design Mach number while maintaining the prescribed section
lift. The second is to select a sweep such that the characteristics of the
65-14-08 section can be more closely utilized. For example, a design sweep
almost equal to the leading edge sweep of 45° will correspond to a per-
pendicular Mach number of M± = 0.65. For a wing with taper, the design
sweep is really indeterminate. Since the critical speed decreases from the
leading edge to the trailing edge, a shock may be created when the adverse
pressure gradient begins at a position where the isobar sweep is less than
the design sweep. For proper operation of the 65-14-08 section, the design
sweep then would correspond to a sweep less than or equal to that at midchord.
It would have been desirable to examine analytically the effects of design
sweep on the three-dimensional pressure distribution, but this was not possible.
It was decided to maintain the design sweep at or aft of midchord and seek a
solution by the first alternative.

Shockless airfoil, transonic scaling. - It was determined that the airfoil
could be scaled with the Spreiter-type similarity rule and the general design
features would be retained. The Garabedian 65-14-08 airfoil was scaled to a
nominal design Mach number of M^ = 0.7. The section was analyzed at the
scaled design point with the transonic method of reference 11. The pressure
distribution is shown in figure 82. Although the similarity rule is based
on a small perturbation analysis the results were very close to the predicted
scaling. The design lift of course is reduced, so it is now necessary to
operate the section off design with respect to lift instead of Mach number.

The actual section was obtained by removing the upper surface displace-
ment thickness calculated for infinite yawed wing conditions. The displace-
ment thickness for the model Reynolds number, which was used, and for a
full-scale configuration are shown in figure 83. The lower surface dis-
placement thickness correction could be similarly applied and a linear
rotation (ref. 14) would be used to adjust the trailing edge thickness.
Instead, to retain the minimum thickness for supersonic pressure drag con-
siderations, the lower surface was modified as shown in figure 84.

The section was then analyzed to assess the off-design performance with
increasing lift. The Bauer analysis (ref. 16) did not include a yawed wing
boundary layer method so the results must be viewed qualitatively. Pressure
distributions at Cj ~1.2 and 1.4 are shown in figure 85. The upper
surface expansion and thus the shock strength and wave drag have been reduced.
However, shock-induced separation is still predicted at the higher lift
coefficient.
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The section was adapted to the maneuver wing ami the desired subcritical
characteristics, constant section lift, verified. l;or the revised wing (-39),
pressure and force data were ohtained. The test configuration W^Cf, also
included a modification to the canard tip to reduce the ma-ximuni camber. 'Hi is
resulted in no change in drag due to lift. The effect of the outboard wing
modification however, was to reduce the drag due to lift by 0.0070 at M = ().(),

Additional pressures were obtained at 70% span to examine the isobar
pattern on the outboard wing. The results for 8° and 10° angle of attack
are shown in figures 86 and 87, respectively. For the latter condition,
which is still slightly below the nominal design point, shock-induced
separation occurred outboard of 85% span. At a = 8° (figure 86) the
isobars are unswept as expected for off-design operation. At a = 10°, the
separation is consistent with the predictions in figure 85. It is probable
that an inviscid calculation would indicate the required isobar sweep was
attained. Inboard of 80% span the shock is swept higher than the 40° design
sweep so that separation does not occur at this condition. The search for
an acceptable two-dimensional pressure distribution was continued to eliminate
the remaining shock- induced separation at the design point.

Weak shock airfoil. - The previous airfoils were operated off design so
that the shockless airfoil philosophy was not given a fair test. Modifica-
tions would be required so that the required two-dimensional lift could be
obtained without separation.

In a private communication from Richard T. Whitcomb of NASA Langley
Research Center, an alternate supercritical philosophy was suggested where
the final recompression is not initiated until approximately 80% chord. There
may be one or more smaller recompressions preceding this and for supercritical
flow weak shocks are accepted. This philosophy is illustrated in figure 88
for the LRC/Whitcomb 74-10-06 airfoil. The initial supercritical region is
terminated in a shock. Following this is an expansion to a slightly super-
critical flow and a shockless recompression. Although at the design point
there is some wave drag, the off-design performance has been found, experi-
mentally, to be usually better than that of the previous airfoils.

The 74-10-06 airfoil was analyzed at the design Reynolds number, the
displacement thickness was added, and the section was scaled to a design
Mach number of Mj_ = 0.69. The inviscid pressure distribution was obtained
at the scaled angle of attack and is shown in figure 88. The design lift,
C{~1.3, was now much closer to the required value. The boundary layer
characteristics for infinite yawed wing conditions, M^ = 0.9 and A= 40°,
are presented in figure 89. Upper surface trailing edge separation
occurred at approximately 95% chord. Several modifications to the contour
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Figure 87. - Isobars at a = 10°for supercritical outboard wing design.
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were attempted using the streamline curvature approach of reference 14, hut
the separation could not be eliminated. It was felt that some trailing edge
separation could be tolerated if the existing shock-induced separation were
delayed.

When the displacement thickness (figure 89) was removed from the inviscid
shape the contours crossed before the trailing edge. The lower surface was
rotated to provide a suitable thickness in the trailing edge region, hut the
thickness ratio was now almost 9% (1\ in the free stream direction). A
supersonic pressure drag analysis indicated a substantial penalty. By simply
replacing the lower surface with the unmodified scaled Garabedian airfoil
lower surface the thickness was reduced to 6%. The reduction in wave drag
due to volume is shown in figure 90. The modified section, 69-13-06M was
analyzed to assess its transonic performance. The results (figure 91)
were applicable strictly for two-dimensipnal flow so they were used primarily
for comparison with the previous transonic airfoils. At the lift correspond-
ing to the nominal configuration design point (Ĉ ~1.4), no shock-induced
separation was predicted. A comparison of the two-dimensional section drag
polars for the airfoils considered is shown in figure 92. As a result of
the higher design lift, the LRC/Whitcomb derivative is superior. However,
starting from the pressure distributions at Cf = 1.4, both the 69-13-06M and
scaled Garabedian sections could be improved.

The modified LRC/Whitcomb derivative was adapted to the outboard wing
panel such that the isobar sweep would be maintained at the design condition.
An oil flow for the revised wing (Wjy) near the nominal design point is pre-
sented in figure 93. A weak swept shock on the outboard wing was achieved.
Trailing edge separation is indicated, consistent with the analytical pre-
diction. Pressure distributions will be presented in a subsequent section.

Conclusions. - The design pressure distribution selected for the outboard
wing is characterized by a weak shock at the design condition in contrast to
the shockless approach. The former seems to have better off-design characteris-
tics. However, the latter has lower drag for a point design application. The
weak-shock airfoil section was more successful for the present application
because it more closely met the required design conditions. The Garabedian
shockless airfoil approach would require additional modifications through a
transonic two-dimensional design cycle in order to be equivalent with the
LRC/Whitcomb airfoil.

The adaptation of the supercritical sections to the outboard wing was
approximate because a three-dimensional design/analysis cycle was not
possible for the highly swept region. A linear theory analysis was used to
verify that constant sectional characteristics were maintained across the
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Figure 93. - Oil flow of maneuver configuration with scaled LRC/Whitcomb airfoil,
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span at an equivalent subcritical condition, but no modifications for the
effects of the inboard wing or the winglet on the outboard wing flow field
at transonic conditions were possible.

The winglet should have been modified with a sweep theory initialization
but priority was given to the wing and, later, the canard and no redesign of
the winglet eventuated. Pressure data from later tests indicated that the
winglet stalled prior to the wing and adversely affected the outboard wing.
Contributing to this adverse effect is the unsweeping of the isobars near
the intersection which results in shock-induced separation. This characteris-
tic of the winglet concept can only be moderated with a full three-dimensional
analysis/design cycle. Although the shock is normal to the free stream in
this region, the position is determined by the swept shocks on the wing and
winglet. The problem was thus not amenable to analysis with the transonic
wing code.

Canard Section Development

Through examination of experimental pressure data, it was concluded
that the inboard region of the canard was satisfactory. The outboard area
was characterized by a weak swept and strong unswept shock system. The
objective was to replace this with a single weak shock.

A subcritical analysis with the body for the 55° canard design indicated
a nearly constant section lift distribution could be prescribed without sub-
stantial variations in the existing twist distribution. A two-dimensional
design was considered appropriate as an initialization but was complicated
by the large amount of taper (generator sweep of 55° to 35° from leading
edge to trailing edge). Pressure distributions derived under two-dimensional
assumptions (Cp* constant) are not necessarily optimum due to this large
sweep variation. However, since the three-dimensional transonic code was
unworkable at the design conditions, a sweep theory implementation was
pursued. The required section lift was, by design, the same as that for the
outboard wing.

The parameters pertinent to the sweep theory/transonic scaling solution
are summarized in figure 94 for two airfoils. If the midchord sweep is
selected, the required lift is obtained with either a Garabedian 65-14-08
or LRC 74-10-06 derivative.

Scaling of the shockless airfoil (65-14-08) was the appropriate choice
based on the design conditions. Because of the possibility of large three-
dimensional effects due to the high taper of the canard, the section might
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he required to operate substantially off design. Based on the previous
experience with the outboard wing, scaling of the I,RC 74-10-06 airfoil was
pursued instead. As a first approximation, and to provide a practical
thickness, tfhe perpendicular section designed for the wing (69-1.V06M) was
utilized. With this section normal to the clement line having a sweep of
40°, the canard strcamwise section was' constructed.

• The revised canard, (!](), pressure distribution at 70» span is compared
to the previous design in figure 95. 'Ilic strong shock was eliminated but
the extent of trailing edge separation estimated from the oil flow results
was greater than predicted. Additionally, allowing for distortion of the
two-dimensional shape of the pressure distribution due to taper effects,
the leading edge peak was higher than anticipated. The overall performance,
measured by the transonic drag due to lift, was only slightly better than
the previous configuration.

The choice of 40° as the design sweep was arbitrary. It is possible
that another design sweep (midchord or greater) would have been more appro-
priate, but for the highly tapered canard modifications with a higher order
theory would seem to be required to eliminate the three-dimensional effects.
These residual three-dimensional effects were apparent from the oil flows and
pressure data which indicated unsweeping of the isobars on the outboard canard.

Fuselage Modifications

Due to a structural requirement, the fuselage cross-section near the
wing leading edge was modified, resulting in an increased body width. The
downstream fairing was then to be defined such that the minimum drag-due-to-
lift penalty was incurred. Adverse pressure gradients on both the wing and
body near the intersection were to be minimized.

The transonic wing-body code was not operational in an engineering
sense. Therefore, the analysis was conducted with the linearized theory
wing-body methodology. The downstream fairing (figure 96) was designed so
that the wing adverse pressure gradient was unaffected as indicated in
figure 96. On the body near the intersection increased velocities are
thus unavoidable, but the peak occurs at a longitudinal station such that
the isobar sweep is maintained (figure 97).

Drag polars at M = 0.7 and 0.9 from the TWT 296 test are presented in
figure 98 indicating that the effect of the fuselage modification was negligible
at M = 0.9. This may be fortuitous, since no transonic design was attempted.
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Supercritical Design Evolution

The drag rise characteristics for the maneuver configuration are
summarized in figure 99, The two later configurations W-^Cg and W-iyCiQ
include the revised fuselage whose impact was described previously. At
M = 0.9 the major drag reduction resulted from the three-dimensional Inboard
wing design. The drag was progressively lowered through refinements in the
outboard wing design. The trimmed performance goal at M = 0.9 and Cj, = 1.0 is
CD = 0.11 using the estimated skin friction drag for the tunnel Reynolds
number Rg- =6.2 million. The flight Reynolds number at the design condition
is Rg- = 11 million. A wind tunnel goal of CD ~ 0.120 was set to allow for the
anticipated favorable trim effects. Trimming the W17C10 configuration did not
affect the M = 0.9 drag level at CL - 1.0. The reduction in transonic drag
due to lift with favorable trim was less than originally anticipated. As a
result of the transonic flow nonlinearities (aft center of pressure movement
with increasing lift) and the need to provide satisfactory low-speed
characteristics with regard to stability and control, the moment to be trimmed
with the trailing edge flap was small at the maneuver design point.

The data of figure 99 are for the wing rigged at 1° incidence relative
to the canard. This was determined analytically with linear theory, and
verified experimentally for transonic conditions, to be the optimum with
respect to the wing-canard load balance. However, for the RPRV, the addition
of the landing gear fairing resulted in a supersonic trim drag penalty for the
cruise wing. Thus, the final wing was rigged at 0° incidence. At the tran-
sonic maneuver condition, the canard then carries more load, increasing the
section lift above the original design constraint. A penalty for the untrimmed
maneuver (Ŵ ĝ lÔ  configuration resulted at M = 0.9. When the configuration
was trimmed, no drag penalty was incurred relative to the W^yC^Q results due
to the redistribution of the load from the canard to the inboard wing.

CRUISE DEFINITION

The cruise configuration is defined by deforming the maneuver shape so
that satisfactory performance is obtained for transonic and supersonic cruise.
The ideal situation would be a configuration that produced a nearly optimum
loading with minimum viscous and wave drag as, for example, the subcritical
cruise design described earlier. Designing primarily for maneuver performance
will limit the freedom to design an optimum cruise configuration.

Variable Camber System Requirements

The variable camber system concept is based on obtaining optimum
performance at two or more design conditions through A. combined mechanical
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and aeroelastic deflection. Once the maneuver configuration is defined, the
cruise shape is determined by iteration. Given a leading edge variable
camber system and an unspecified twist increment due to structural bending,
a linear or nonlinear analysis, or combination of both, is used to define the
best cruise shape with the geometric constraints of the supercritical maneuver
design. These constraints limit, obviously, the number of section shapes
that can be defined and so a compromise between the span load shape and the
upper surface pressure distribution may be required. The design is thus an
iterative process, guided by the results of earlier optimum cruise designs.

Subcritical Design Background

The -18 subcritical wing canard cruise design was used to initialize the •
variable camber system requirements. This design, described in "Wing Canard
Design," was tested in the Ames 14-Foot Transonic Wind Tunnel with the maneuver
configurations. The drag due to lift for the cruise design, W^C^, is compared
with the goal in figure 100. The M = 0.9 cruise goal was met indicating the
linearized theory design was adequate for the lightly loaded condition. This
design was used as a basepoint to compare analytically and experimentally with
later cruise configurations deformed from the supercritical maneuver configu-
ration.

Cruise Compromise

The performance compromise which arose in the cruise configuration was
due to the supercritical modifications associated with the maneuver design
and the constraint imposed on the aeroelastic increment. The increment in
spanwise twist was initialized with the first subcritical -18 design and
subsequently modified for the revised subcritical maneuver design. At this
point, the aeroelastic twist increment goal was set so that the structural
development could proceed in parallel with the aerodynamic development.

A cruise configuration was defined for the design with the scaled
Garabedian section on the outboard wing. This section was characteristic
of aft-cambered supercritical airfoils and presented several difficulties in
the derivation of the cruise wing. First, the available leading edge
deflection from maneuver to cruise position was less than either the
earlier subcritical sections or the inboard wing sections which had forward
maximum camber locations. Second, the trailing edge cusp would, if utilized
in the maneuver position, result in a transonic and supersonic camber drag
penalty. The impact of the leading edge deflection capability was not as
critical as the situation regarding the trailing edge camber. The latter
was dependent on the assumed aeroelastic deformation. That is, if the
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aileron was deflected up, moderating the effect of the trailing edge cusp,
the net result on the drag due to lift would be small if the twist could he
reduced by additional aeroelastic deformation. As noted, the maximum twist
increment was set prior to this point in the development. Therefore a
subcritical analysis was performed to define the best compromise between
trailing edge (aileron) deflection and twist distribution. The compromise
is between average camber (twist) and local camber (trailing edge deflection).

The wing twist distribution for the compromise design is shown in
figure 101. This distribution resulted from a 4° aileron deflection utilized
to cancel the supercritical maneuver trailing edge camber. As a result of
the constraint on available aeroelastic twist increment, the design of
figure 101 results in an effective increase in the design lift and a drag-
due-to-lift penalty at the nominal cruise condition, CL = 0.15. The test
results for this cruise configuration, W^sCg, are not presented since they
were indistinguishable from the later cruise design.

The final cruise definition was based on deformations of the LRC/Whitcomb
supercritical airfoil on the outboard wing and canard. The wing twist was
the same as the previous cruise wing since the general characteristics of the
supercritical section were unchanged. For the canard the same difficulty
existed but there was an additional consideration. The relative twist
increment between maneuver and cruise at the canard-body intersection was
larger than the available leading edge camber increment. For a variable
camber system confined to one surface the twist can always be re indexed for
the maneuver or cpaise point. However, for a two -surf ace variable camber
system, the possibility exists that one surface may require an unrealistic
twist increment at the root be.tween maneuver and cruise if the other is
indexed for compatibility. This is what transpired for the HiMAT since the
wing twist requirements were compatible while those for the canard root
section were not.

The cruise compromise for the canard then considered the root section
twist compatibility and the outboard variable camber system for the super-
critical section. The aeroelastic increment was not as firmly fixed as in
the case of the wing, so additional latitude was available. The final design,
which evolved in order to satisfy all the pertinent constraints, is shown in
figure 102.

The drag due to lift for the cruise configuration WigCjj is compared to
the subcritical design, W^GI, and the goal in figure 100. The effective
increase in design CL resulted in a substantial penalty at low lift coeffi-
cients. The test results for the earlier cruise definition (based on the
maneuver design) indicated the penalty was associated primarily with the wing.
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EVOLVED CONFIGURATION AND PERFORMANCE

The final configuration presented at the preliminary design review
and the performance status relative to the goals are presented in this section,

Baseline Description

Additional configuration modifications progressing from the -ISA to -19
designs included: (1) an enlarged vertical tail and the addition of lower
surface winglets for improved lateral-directional stabiJity; and (2) mass
balances at the wingtips for flutter suppression. The PDR baseline config-
uration for the RPRV concept is shown in figure 103.

The maneuver wing and canard sections are those corresponding to the
test configuration WigClO- The cruise design tested, Ŵ gCjj, was derived
from the maneuver design assuming the aeroelastic goals would be met. The
latter stages of the aerodynamic development are indicated in figure 8.
The wing and canard cruise twist distributions were presented in figures 101
and 102.

The final maneuver design twist requirements were unchanged from those
of figures 48 and 50. The intermediate definition with the wing rigged at 1°
relative to the canard was, as noted previously, not selected for the RPRV.
The 0° rigging definition produced moment characteristics which resulted in
a smaller supersonic trim drag.

Configuration Characteristics

Transonic maneuver point. - Pressure distributions for the maneuver con-
figuration at Moo = 0.9 are presented in figures 104 (a) through 104 (f). At
55% of the wing span the swept shock is indicated at high angles of attack.
The shock near the trailing edge is not definite and does not separate the
boundary layer. Further outboard, the shock moves aft and stabilizes at a
constant percent chord. At 85% span, a = 9°, the pressure distribution
closely resembles the design objective (figure 91). There is insufficient
dâ ta to properly characterize the flow on the canard. The midchord shock
appears to strengthen moving outboard due to 'the unsweeping of the isobars.

The experimental isobars for M = 0.9, a = 10°, are shown in figure 105.
This condition corresponds to a CL of 0.91. It is estimated that shock-induced
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(d) T! = 0.85.

Figure 104. - Continued.
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separation occurs on the outboard wing at approximately a = 11°. At a lift
coefficient approaching 1, the pressure distribution on the wing appears to
meet the prescribed design. It is difficult to assess the relation of the
pressure distribution to the magnitude of drag. For example, at 251
span (figure 104) there is an unswept shock but the flow remains attached.
The local Mach number before the shock is M ~ 1.18 at a = 9°. This is within
the range of current supercritical rooftop-type airfoils and the associated
wave drag should not be large unless the volume of the shock (that is, the
extent above the wing surface) is large.

Performance status.- Test results are presented in the following section
to indicate the extent to which the design objectives have been met. The
primary goal is the minimization of the transonic drag due to lift. In fig-
ures 106 through 108, trimmed and untrimmcd drag due to lift is compared to
the goal for Mach numbers of 0.6, 0.875, and 0.9. For subsonic conditions
up to Ma, ~0.8, the trimmed drug due to lift objective was achieved or
exceeded for lift coefficients up to C^ ~ 1.2. At a lift coefficient of 1,
the efficiency factor e is approximately 0.95 for subsonic conditions. For
transonic operation, the trimmed objective was still not achieved (figures 107
and 108). At the nominal design point, M = 0.9 and CL ~ 1, the drag-due-to-
lift factor CDJ/CI/ was 0.014 above the trimmed objective. Still, considerable
progress in reducing the transonic drag had been made since, for the phase III
baseline, the drag-due-to-lift factor was 0.07 above the objective.

The final configuration lateral-directional characteristics for the
cruise configuration are shown in figure 109 versus Mach number. The modifica-
tions for improved lateral-directional stability, increased vertical tail
volume and lower surface wingtip fin, occurred after the cruise and maneuver
development tests. There was a slight reduction in drag due to lift as a
result of incorporation of the lower winglcts. As noted previously, the effec-
tiveness of the winglets at M = 0.9 was unknown. The test results (figure 4)
previously shown did indicate a reduction in drag due to lift at high-Jilt,
transonic conditions. For subcritical conditions, the test results verified
that the design successfully integrated the winglet. At transonic conditions,
the results were fortuitous since no design efforts were conducted for the wing-
winglet region of interference for transonic flow.

The low-speed, maximum lift goal was achieved. The maximum lift coeffi-
cient for the 55° canard configuration was C ~2.1 as previously shown
in figure 59. max

An objective of the advanced fighter concept was satisfactory supersonic
acceleration. Wave drag of the order C^ = 0.02 to 0.025 was proposed for
the fighter. An analysis with the total pressure drag theory was made for
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the RPRV and the fighter to estimate the difference in wave drag due to the
fuselage variations. After this correction was applied to the RPRV test data,
the indication was that the fighter wave drag objective would be met.

For the RPRV vehicle, subsonic/transonic and supersonic maneuvering per-
formance was estimated with the maneuver and cruise configuration test results,
respectively. The static maneuvering performance for subsonic/transonic
operation is shown in figure 110, and figure 111 presents the results for
supersonic operation. The RPRV maneuvering goal is a normal load of NZ = 7.3
for Ps = 0 at the design point of M^ = 0.9 and h = 9144m. The -19 RPRV con-
figuration maneuvering performance status is NZ = 6.8 for Ps = 0.

The characteristics and performance of the RPRV, as presented at the
preliminary design review (PDR), are compared with the goals, set by the pre-
liminary operating instructions (POI), in table III. A status versus goal
evaluation of the fighter concept is also presented in table III.

CONCLUSIONS

The general conclusions of the HiMAT aerodynamic design experience are:

(1) The HiMAT configuration required several major rebaselining efforts
partially as a result of the limited scope of the initial program phases in
quantifying some of the off-design aspects of the various technologies. In
particular, the canard planform changes illustrate the need to closely monitor
the stability and control characteristics when integrating the vortex lift
phenomena into the design. The wing was revised based upon detailed design
investigations, which revealed the proper balance between constraints for
viscous and transonic flow considerations and a practical structural require-
ment. The experience with the HiMAT configuration indicated that the necessary
span load contraints should be fully investigated prior to the baseline
definition. This requires at least a cursory examination of the circumstances
for which low-drag transonic flow is practical, that is, the requirements of
the pressure distribution.

(2) A substantial amount of the maneuver design effort involved linear
theory. In the future, as more general transonic design and analysis tech-
niques evolve, the extent of the linear theory design utilization should be
diminished. At present though, linear theory provides a fast and efficient
means of evaluating design requirements for preliminary and detailed design
studies. The modifications to the computerized design procedure, necessitated
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by the HiMAT configuration and design objectives, produced ;i means of
properly initializing the maneuver design so that lifting surface efficiency,
structural requirements, and off-design performance could he examined and
varied in an efficient manner.

(3) The Bailey-Ballhaus transonic analysis, used in an iterative mode,
was valuable in achieving the prescribed supercritical pressure distributions
for regions of moderate shock sweep. The restrictions of the formulation were
partially overcome by relying on a design/test cycle. This was necessary to
account for the effects of the canard and evaluate conditions above the design
point. The application of the transonic code was generally successful in
weakening the shocks for the wing region inboard of 70 percent spun. Further
weakening of the root shock is desirable but the possible decrease in wave
drag cannot be quantified with the present small disturbance formulation in
order to evaluate the overall impact.

(4) The restrictions of the three-dimensional transonic analysis were
most troublesome for the highly swept, highly loaded outer wing panel. Here
the recourse was a two-dimensional./sweep theory initialization aided by a
linear theory analysis to verify that constant sectional characteristics
prevailed. The sweep theory design is a valid means of determining a pressure
distribution that will produce attached flow for moderately tapered regions.
Guidance for the transonic implementation of the sweep theory design was
principally obtained through analysis of the test data. This was not the most
effective design procedure. A more comprehensive set of methodology is
required, which would include a multiple-surface transonic design and analysis
capability, and a three-dimensional boundary layer analysis.

(5) The transonic drag rise was not entirely eliminated due to premature
separation on the winglet and the resulting influence on the outboard wing flow
field, and shock-induced separation on the outboard canard. The balancing of
requirements for acceptable configuration characteristics at low speeds with
the transonic maneuver design reduced the capability for favorable trim effects
at the maneuver condition.

(6) For the cruise configuration, the consequences of the utilization of
supercritical sections and variable camber was not fully resolved. This was
due primarily to the imposed structural (twist) constraint and not a lack of
inherent aerodynamic efficiency, although an arrangement without the structural
constraints was not tested.
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RECOMMENDATIONS

Relative to the design approach, linear theory is still recommended as
the primary means of evaluating the design options. More genera] transonic
codes should be developed for future concepts that involve complicated plan-
forms and stringent maneuver goals. Sweep theory is appropriate for establish-
ing a design pressure distribution for moderate taper regions, but a fully
three-dimensional transonic solution is required for verification and the
elimination of any residual three-dimensional effects.

Additional comparisons between the existing nonlinear codes must be made
to examine the numerical solution characteristics to improve computation time
and delineate the restrictions relative to flow conditions, geometry, and
theoretical consistency. For example, most of the published modified small
disturbance solutions are not self-consistent within the order of magnitude
analysis from which they are derived.

For the HiMAT/RPRV configuration, the actions required to reduce the drag
rise include redesign of the winglet, elimination of the unswcpt isobars on
the canard, and reduction of the inboard wing-root shock for the trimmed con-
dition. A modified small disturbance solution for a wing-winglet configuration
similar to the Bailey-Ballhaus classical small disturbance analysis will be
required in addition to a wing-canard solution. The latter is necessary to
properly characterize the inboard wing-root shock although a wing-alone
analysis would provide an approximate design technique Lf supplemented with
test data. For all future analyses, first-order viscous corrections (dis-
placement thickness) should be included.
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AI'IM-NDIX

WIND TIINNI'I, MOD1-I. NOMIiNCIATlMI!

Notation for the RPRV wind tunnel models is presented for the major
configuration components (fusel.ige, wing, canard, and vertical stabilizer).
The wing always includes the upper surface winglet unless stated otherwise.

0.147 Scale:

W_ -17A maneuver wing, wing-alone design

G. -17A canard

0.22 Scale:

B -18 fuselage, constant cross section at wing intersection

B? -ISA, -19 contoured fuselage

W^ -30 wing, subcritical wing-canard-winglct ci'uise design

W, -3] wing, subcritical wing-canard-wing let maneuver design

W7 -34 wing, revised subcritical wing-canard-winglct maneuver
design

WR -35 wing, inboard sections designed with three-dimensional
transonic code, cruise winglet

W_ ' W0 with 1° incidence relative to bodyy o

W -36 wing, Garabedian 65-14-08 section normal to midchord
element, 1° incidence

W -39 wing, scaled Garabedian section 70-11-Od, 1° incidence

W.. W with 0° incidence

W W with outboard wing trailing edge deflected
J. O -i- -A

W,. W..- with 0° incidence

W c -39 cruise wing derived from W
J. J J-^T
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W W with 1° incidence

W -310 maneuver wing with modified, scaled Whit comb fo9-13-OHM section
on outboard wing, 1° incidence

WIO W._ with 0° incidence
Lo 1 /

W -310 cruise wing, derived from W

W?7 -19 configuration cruise wing, W q with lower surface winglets

W -19 configuration maneuver wing, W10 with lower surface wing lets
£-J lo

W . W without upper or lower surface winglets

C -40 canard, subcritical wing-canard-winglet cruise design,
63° leading edge sweep

41 canard, subcritical
63° leading edge sweep

C -41 canard, subcritical wing-canard-winglet maneuver design,

C Uncambered 45° leading edge sweep canard for low-speed tests

C -42 canard, revised subcriticaJ wing-canard-winglet maneuver design

C -44 maneuver canard, 55° leading edge sweep, -42 camber

C, Cr with reduced outboard camber6 5

C -46 cruise canard derived from -44 maneuver canard
o

C C, with modified outboard camber
9 o

C -19 configuration maneuver canard (-48), Whitcomb 69-13-08M section
normal to 40° sweep element on outboard canard

C -19 configuration cruise canard (-48) derived from C

V -18, -18A configuration vertical stabilizer

V -19 configuration enlarged vertical stabilizer, NACA 64A004 section
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